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2ABSTRACT
Some calculations of the 13C and 15N shielding constant 
are carried out using CNDO/S and INDO/S procedures within 
the GIAO-MO framework described by Pople. These are compared 
with the experimental results, in the form of 13C chemical 
shifts with respect to benzene and in the form of 15N chemical 
shifts with respect to nitromethane,: C H 3N02 .
In Chapter one, several current theories of magnetic 
shielding are briefly reviewed. Chapter two presents a 
survey of various semi-empirical molecular orbital treatments 
of magnetic shielding constant. The approximations introduced 
and the MO theory used are also described in Chapter two.
Chapter three presents 13C, 15N and 19F chemical shifts 
and their anisotropies were calculated. A reasonable 
correlation between the calculated and experimental ch.emiteal 
shifts, compared by means of least square fit, is obtained 
for most of the molecules considered.
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CHAPTER ONE
THEORIES OF NUCLEAR 
MAGNETIC SHIELDING
1.1. Introduction
Nuclear shielding provides a basis for an understanding 
of nuclear and electronic environments occurring within and 
about the nucleus. It is possible to obtain a good knowledge 
of the electronic distribution and structure of a molecule 
by studying the nuclear magnetic resonance spectra of several 
different nuclei in that molecule.
In recent years significant developments in experimental 
technique have led to the routine measurement of chemical 
shifts, especially for rare nuclei such as 13C and 15N.
The identification of structural conformation of the 
species present in a given sample by comparison of the 
experimental and calculated shieldings has thus been extended 
to less common nuclei. The theoretical estimates of nuclear 
screening are usually based upon an isolated molecule as a 
model, however most experimental chemical shifts are reported 
for liquid samples in which solvent effects may be present. 
Therefore, theoretical values of magnetic shielding are not 
exactly necessarily expected to reproduce experimental values 
even if the calculations are accurate.
The current widespread interest in theories of carbon
(1 2 )and nitrogen chemical shifts is reflected by reviews. 9 
Both Ab initio and semi-empirical molecular orbital calcula­
tions have provided significant advances in the understanding 
of the major factors determining carbon and nitrogen chemical 
shifts. For large molecules, semi-empirical methods are 
more practical at present.
9New instrumentation and techniques have made possible
the measurement of shielding anisotropies. Since the
anisotropy is a difference between tensor components, it
does not need a reference point and thus can readily be
compared with various theoretical treatments. The large
body of experimental data.for l3C and 15N nuclei 
(1 3 4 5 6 }available'- > > > » ;lead us to present some theoretical 
results. The values of chemical shifts screening constants 
and their anisotropies are given in ppm.
1.2. General considerations of nuclear shielding:
For a molecule held fixed in a uniform magnetic 
field B0 , the magnetic shielding of any one of its nuclei 
can be described by a second rank tensor a whose components 
are defined by the expression:
B = - o . B 0 (1.1)
where B is the secondary magnetic field at the nucleus of 
interest created by the currents induced in the electronic 
system by S0.a is the screening constant usually expressed 
in ppm.
The total magnetic field experienced by a nucleus, 6 , 
is the vector Sum of the applied magnetic field § 0 and the 
induced field B.
§ — § 0 a.S0 (1.2)
10
If two nuclei A and B of the same isotope have shielding 
constants cr^ , and a B at the same value of B0 , then the 
chemical, shift is
6AB aA a B (1.3)
A general theory of chemical shifts in closed shell
( 7 8 }molecules was originated by Ramseyv * 'by using second 
order perturbation theory. This gave the first treatment 
of the calculation of the nuclear screening constant of a 
molecule.
The electronic Hamiltonian describing a closed; shell
molecule in the presence of a magnetic field B, and nuclear
, *)■ . 
magnetic moment p is:
H (S,yA ) = |m Z [ f  VK - e lK (r)f + $(r) (1.4) •
K
hWhere (7- V,-) is the linear momentum of the kth electron,1 Is
V(r) is the electrostatic potential energy function for the 
electrons and XK (r) is the vector potential describing the 
total magnetic field at the position of electron k and is 
given by:
1 K = 4 § x (rK- r0) + (PA x rK )/|rK 3 | (1.5)
Where is the distance from the kth electron to the
In
nucleus in question. r0 is the separation between this
11
nucleus and the origin of the vector potential.
The second order perturbation energy is expressed as:
E^2^(S,ua) = i Ocz$ Btt yAg (1.6)
“3=1
Where “ and 3 are used to indicate cartisian coordinates
x, y and z. cr^ are the elements of the shielding tensor
for a given nucleus A which possesses a nuclear magnetic 
moment pA , B is the applied magnetic field, aa  ^ is expressed 
as a second partial derivative of the energy with respect
to the corresponding component of § and yA a s :
= 32E(2)(S.uA)/3Bo:SyA6..... yA = § = o (1.7)
(9)The components of cr^ are given; J
°o:g -= a « g d + a = g d g  + a °=BP + ®ccgP g ( 1 . 8 )
dec pec
where the & terms are gauge-dependent.
The diamagnetic term is a positive term depending 
largely on the electronic density near the nucleus. The 
paramagnetic term is a negative term and. its accurate 
calculation is difficult, since it requires knowledge of the
energies and wave functions of all the excited states of the
molecule concerned. The paramagnetic contribution of the 
total shielding for a nucleus in a molecule is intimately 
related to the components of the spin rotation interaction
tensor. The terms on the right-hand side of equation (1.8) 
are defined b y :
:gd = 4? I s  < 0 I S rK 3(rK 6 = B " rK« rK 3 > 10>
K
dg _ e2 
4tt 2m < 0 I Z rK 3 (r0 ocrK3 - r0 r 6 a3 )|0 >
(1.9)
( 1. 10)
a = 6 P  =  "  i t  l i 2  *  [ < 0 h  r K 3 L K = l n > < n l 2  l k 6 | o >
n K .K
+ <0| z LKg|n><n| j rK 3LK<r |0> ] (En-E0 ) 1
T U  ' 2
ac=BPg = 4 ?  Is* E8y«r0Y £ [<0I K rK 3LK a | n x n | s Pk5 |0 >
n
+<0 |£ Pk5|n><n | £ rK 3LKO:|0>] (En-E0 ) 1
(1.12)
where yQ is the permeability of free space, e,m are 
respectively the electronic charge and mass, rK is the 
distance of the kth electron from the nucleus under 
consideration, JK (.= rK x h/i^K ) is the orbital!-angular ;. 
momentum of this electron, (= fr/i^K ) is the linear 
momentum operator for the k electron, |0 > refers to the 
unperturbed electronic ground state of the molecule and 
|n> refers to the excited states with energies of E 0 and En 
respectively. The summations in equations (1.11), (1.12) 
are taken over all excited states. is the Kronecker
delta (= l if a = 3 ; = o if .« f 3), e3y6 is the alternating
tensor e = 1 if 3y <5 is an even permutation of XYZ; = -1 if
3y6 is an odd permutation of XYZ; = o if any two of are
identical. The two gauge dependent terms oa.^dg acc$Pg will 
be zero if the gauge origin is coincident with the origin of 
the coordinates. When these equations (1.8-1.12) are applied 
to molecules, many difficulties are found^10  ^ The first is 
that the molecular eigen functions of either the high energy 
discrete states or the continuum of the molecule are little 
known. The second difficulty follows from the first that in 
an atom it seems logical to choose the origin of the vector 
potential as the atomic nucleus but for a molecule this choice 
is not so easily made. It is not obvious whether to choose 
the origin as one of the nuclei, as the nuclear centre of 
mass or as the electronic centre of charge.
If ground and all excited states are exactly known, then 
the calculated nuclear magnetic shielding constant will be 
independent of the choice of the vector potential.
Ramsey’s theory is principally correct, but it is not
clpractical, because even for fairly small molecules, a and
become large and of opposite sign, thus the small difference 
of two large quantities each of which can contain large errors.
1.3. Molecular Orbital Theory:
If the expect electronic wave functions, which are 
necessary for solving the expressions (1.9) to (1 .1 2 ) are not 
available, then one heeds to consider approximate methods of 
obtaining them. The approximations usually made for the ground 
states of closed-sell molecules is to write ¥ 0 as a normalized
Slater determinant^11^ !  doubly occupied molecular orbitals 
(MO), Thus for a molecule with 2n electrons, ip0 is given
by
ip,(l) (1 ) . .... ^N (l) ^N (l)
1^ ( 2 ) 1^ ( 2 ) ..... t^n (2 ) ^ ( 2 ) (1.13)
ib = (2N!) i
Y o
ifj^C2N) i}>i ( 2 N ) ... rl>N ( 2 N ) ^ ( 2 N )
This is often written as = | ’ w^ere
1 1 2  2
bar indicates that ip^  is associated with aB spin function.
The various integrals in the Ramsey equations (1.9) to (1.12) 
become integrals involving determinantal wave-functions. Using
may be reduced to one-electron matrix elements, in which only
one electron operators are involved. For one-electron operators
like Z L  , the only excited states ip , that can give non-zero 
k n
matrix elements in equations (1 .1 1 ) and (1 .1 2 ) are those 
described by singly excited spin singlet configurations in 
which an electron is promoted from an occupied orbital ip^  to 
an unoccupied one ipK . These singlet excited states are 
described by a function:
The molecular orbitals are approximated as a linear combina­
tion atomic orbitals ((p’s) by writing:
y
(1.14)
rules these many electron expressionsSlater-Condon
<I|I0 | X LK |1’(’iK> = /2 [<^i(l)|L1|«K(l)>] (1
where
^ . K = i  [  .... .... j^'f',
r Ct
Within this MO framework, cr^ is given in terms of:
yi 2 occ
a Q ^  = -r— —~2r  ^ <ip -1 r-3 (r26 « - r r«)|ip.> (1“3 4ir m . Yj 1 v aP “ p 1 rj 
J
= -r— -^2-°EC <ij).|r"3(r rft - r r <S R)|ip-> (1
“p 4tt m . Yj ' v 3 oy y p j
<J
n e 2 ° ° c  unocc , K i v-i
^ B P = - 4? S < V  - lEo> 1
J K
[<t))j |r- 3L0=|4’lc><i|;K |Le |i()J>
+<’l'j I Lg | <l'K><li'K I r_ 3LCC | ij)j >]
„  pg = ^  e2 occunocc ! K _ x - x
=8 4tt m2" By6 oy s E ( j o )
j k
[«|i 1 |r"3Lcc|i()K><i|;K |p6 |<p
(1
>
+«f'i|P6 U K><'l'K |r 3LjiK>]
(1
The equations- (1.17) to (1.20) can be written in terms of 
sums over atomic orbitals,
15)
I]
17)
18)
.19)
.20)
a P _
Pn P 2 occ unocc , ,<•
W § ?  2 2 <V
.1 K
XlvL CJuCKVCjXCKa<^ i r" 3E=l*v>
X  «l>x|i.& !<!>„> + < )^p I l 3 I
(1.23)
pg _ uo e 2 occ unocc
e RvXr nv Z Z ( E -i
j  K
4tt n r  3y6 oy ^ ^ ' J o
xf t C . C* C.,C* <d> I r 3L Id) > L L jy kv jX Ka- y\i1 cc,yv
yvA6
x  <<**X l p 6 • V  + <<f,pi l p 6 I <J,v > 
x «!>x |r"3Lj<J>a>] (1.24)
Where in the equations (1 .2 1 ) and (1.22), P are the elements 
of the charge density bond-order matrix defined by
OCC sj«
P = 2  E C. C. the sum is taken over all occupied 
yv . jy jv
1 K T
molecular orbitals. Where the terms ( E^ . - E0 ) are
expressed a s :
Where eK and are eigenvalues of the molecule, K^k and 
J. are respectively the molecular exchange and coulomb 
integrals, they are defined as:
(1.26)
Since the contributions arising from high-energy excited 
states are often significant, the calculation of these 
transition energies are likely to be considerably in error 
at this level of approximation.
1.4. Coupled Hartree-Fock perturbation theory
This theory has been employed for calculating nuclear
(13 14)shielding constants, particularly of diatomic moleculesv *
The one electron perturbation caused by the applied external
field is introduced into the molecular Hartree-Fock operator
and the resultant coupled Roothaan Hartree-Fock equations are
solved for self-consistency to the second order in the energy.
In the absence of a perturbation, minimization of the zero-
order energy E° with respect to the variation of the
(o ' )
coefficient (C -v ) yields the Fock equations
k J
In the presence of a magnetic field, the perturbation 
expansions become:
F _ F ( 0 ) + k F^ 1 ^ + K 2 F ^ 2 ^ + (1.28)
e. = e K e . ^1 K 2e.^2  ^ +
3 3 3 3
(1.291
ih . = \b . ^ °-?+ K il> /  1 K 2ih S 2^ +**........
y3 3 3 3
(1.30)
where i[> . ^ 1 ^ ' = C 1 ^   ^0 ^ and if> . ^ 2 ^ = C .^2  ^0 ^ are
J K3 * 3 KJ k
introduced into (1.27) the first order of which is written as
(F^1 e /  1 ^ )i[j S 0 ^ = - (F^0^ -
0 J J J
(1.31)
The first-order coefficients, C 1 ^ can be determined by 
evaluating the matrix elements of F^1^over the unperturbed MO 
basis and solving the resulting coupled Roothaan Hartree-Fock 
equation's :
occ unoccr . »_ . . . , , „ 1 ^  ( 1 )
+ Z • Z [<«.o|kx> - <1 0 1 kA>] > = o(i) _
K
(1.32)
The c o m p o n e n t s o f  the shielding tensor are now given by:
d p
acc3 “ ,acc$ + ao:3
y ^ _ 2 occ / v v v
= IT- * I ( rTvTr^ ft47T m2 . Y j 1 v N 63
J
- r Nccr 6> r  3I^ (0)>
u 0 _ 2 occ unocc / \ / \ / \
+ I ? 5F  Z Z (CKj 1 i^n(o)>
3 K
a k ' N ^3
(1.33)
where and r are the positions of the electrons with 
respect to the nucleus in question and an arbitrary origin 
respectively. The first term in equation (1.33) refers the 
diamagnetic contribution and the second term refers the 
paramagnetic contribution. It is found that the shielding 
constant results obtained by this method show gauge depen­
dence However, in diatomic or simple polyatomic
molecules the results for the heavy nucleus are very poor 
when the origin of the vector potential is at the proton and 
in better agreement when the chosen gauge is coincident with 
the heavier^^^or central^^^nucleus of the molecule.
This coupled Hartree-Fock perturbation theory has been
(13 )developed by Stevens, Pitzer and Lipscomb (SPL)V J . An 
alternative, but equivalent, approach is due to Ditchfield, 
Miller and Pople ( D M P ) ^ ® \
Two important differences appear between the two methods,
firstly,- in contrast with the (SPL) method, the perturbed
M o ’s are expanded in terms of the unperturbed M o ’s, in the
(DMP) method the M o ’s are expanded in term of the atomic
orbitals, =. Z C^1. ^<J> ). Secondly, in the (SPL) the
coefficients are evaluated from the solution of the coupled
Roothaan Hartree-Fock equations (1.31), in the (DMP) approach
the Roothaan equations are solved for various finite values
of the magnetic field strength. The (DMP) method has been
employed to, calculate the shielding of various nuclei in a
/ ^ 0 \
variety of simple polyatomic molecules' .
The calculated value of o must be gauge invariant, if 
it is to be reliable, both diamagnetic and paramagnetic 
contributions may still depend upon the choice of gauge 
consequently a change of origin in a series of calculations 
could lead to differences in these two terms whilst leaving 
a gauge invariant.
For a molecule, in order to ensure gauge-independent 
results, one needs to take the origin of the vector potential 
of each electron as the nucleus to which this electron belongs 
momentarily. This can be achieved by using ’’gauge invariant 
atomic orbitals”.
1.5. Gauge Invariant Molecular orbital Methods
The difficulties associated with the gauge-dependent
calculations can be solved by using M o ’s which are linear
combination of atomic orbitals (LCAO) which are themselves
dependent on the uniform field. These orbitals, which were
(17)firstly used by London in a theory of the diamagnetism of
( ^ g_2  ^
aromatic hydrocarbons and later by Poplev 'in the theory
of chemical shifts are known as Gauge Invariant Atomic orbitals 
(GIAO’s) .
The M o ’s, ij;., are now given by: 
J
(1.34)
where xy = 4>y exp(-i(e/E)^(r).r) (1.35)
X  (r) is the value of the vector potential X  at the nuclear
position S , of the atomic orbital $ . The nuclear shielding "j-i n
is expressed as the sum of the local and non-local and
. • . .. .. (18,20,22,23)mter-atomic contributions' > > > s
d d d
acc3 = acc3 <loc) + acc3 (nonloc) + (inter)
+ atsgP (loc) + accgP (nonloc) + aa^p (inter)
(1.36)
d p
where (loc) and acc^ p (loc) are the local diamagnetic and 
paramagnetic contributions due to the effects of currents on 
the atoms containing the nuclei in question, similarly
d p
(nonloc) an cr^ (nonloc) are contributions from the
(23)
currents on neighbouring atoms■ . And a 0 (inter) and
k p
acc^ P ( inter) may be related to the idea of the currents produced 
by electrons which are delocalized in the ring of the molecule. 
These final two terms usually only produce a shielding contri­
bution of a few ppm, which are considered to be neglected in 
discussions of chemical shifts for nuclei other than protons.
As discussed earlier in this chapter Ab initio calculations
of 13C chemical shifts have recently been r e v i e w e d a n d
(23)these calculationsv ' give a reasonable result for a variety 
of small molecules. However, more computer time is required 
than by semi-empirical methods, which are more practical for 
larger molecules at the present. This theory is developed in 
more detail'in-the next chapter as it forms the basis for 
semi-empirical calculations. The present work deals with the
calculation of nuclear magnetic shieldings for 13C nuclei in 
large polyatomic molecules with a view to the understanding 
of the various electronic factors influencing the observed 
shieldings in the molecule concerned.
The chemical shifts are quoted in ppm with respect to 
13C in benzene as the reference nucleus, and shifts to high 
frequency (low field) are positive. All equations are in SI 
units.
CHAPTER TWO
Semi-Empirical MO Methods applied to 
the calculation of nuclear screening
2.1. Introduction:
Within the framework of the various theories of nuclear
shielding outlined in Chapter 1 it is possible to consider
several theoretical levels of approach. Much attention has
been given to the development of a reliable theory of NMR
(1 2 )chemical shifts 9 . Ab-initio calculations have been
reviewed by Ditchfield and Ellis^^, these require considerably
more computer time than semi-empirical calculations. The
number of integrals to be evaluated increases rapidly with
molecular size, thus only semi-empirical methods are practical
(2 )
for large molecules at present . A general survey of semi- 
empirical MO methods is given here with particular emphasis 
on the methods employed in the present study.
2.2. Poples (GIAO) Approach:
(19)Poplev 'has developed his MO theory of nuclear dia­
magnetism, in which each electron is treated as moving 
independently in the same electrostatic potential field.
In this method each molecular orbital is composed of a linear 
combination of gauge-invariant atomic orbitals (equation 
1.35 ). Furthermore, in this independent-electron MO 
approach all of the explicit two-electron terms become zero.
All two-centre overlap integrals are also neglected and with
them many two-centre matrix elements. Orbitals on the same
(19)atom are considered to be mutually orthogonalv , hence
S = 6  yv yv ( 2 . 1)
The g a u g e - in d e p e n d e n t  e x p r e s s i o n s  f o r  t h e  l o c a l  and n o n - l o c a l  
term s i n  e q u a t i o n  ( 1 . 3 6 )  a r e ,  f o r  t h e  s h i e l d i n g  o f  n u c l e u s  A, 
g i v e n  b y :
aocg(LOC) =
a ^ C n o n l o c )
a4 (loc) =
a ^ C n o n l o c )
^ne A ( \
Z P (o >«j> | r  1 8iTm yy Yy 1y
- r 3rccrg I (2 .2 )
y „ e ,  M / x
arm ±  * I I pxx - r«rel*x^MfA Y X
RM 5 (RM6 «3 ~ 3RMyR 1^ ^J
( 2 . 3 )
y e 2H2 occ unocc
2 I (JE* 
2™  . K 3
k(o)
)"*
Z Z Z (C^°. c^°.^c( o ^
y<v B X<a ^  VK
(C^°. C^ °. ^ c W )v Xj ok a j  Xk j
( 2 . 4 )
y e 2fi2 _ occ unocc , N , >.
0 I £ f. £ £ (*E . 0 - *E ) 1L . J o2Trm‘ M(=j=A) y 3 k
£ Z Z (C^°. -  C^ °. V 0 ^)
y<V B X<a ^  VK
(c^Oc^  ^ - c(°.)c$0 b<<j> U  U  ><<k U , U  >v Xj ok a j  Xk j Yy 1 « ,Tv TX 1 Y
(2 .5 )
RM5 ( ^ o=b -  3RMyR ^ ) ]
where yQ , e, H have their usual meanings, the quantity 
(Ve^C0.)- 1E q 0^) in equations (2.4) and (2.5) is the energy 
required to promote an electron from an occupied MO j to un­
occupied MO k which is given by equation (1.25), and the 
C^°^’s are the unperturbed LCAO coefficients of the atomic 
orbitals y,v,X and o in the occupied and unoccupied M O ’s j and
k respectively. The sum 2 is over all atoms in the molecule
A • B
including A. E is a summation over all orbitals on A 
y<v
such that yfv.Z^ is the “-component of the angular momentum 
operator in units of 5.
The angular momentum integrals in equations (2.4) and
(2.5) are one-centre integrals their evaluation is facilitated
by using the following expressions for Z ,Z and Z in sphericalx y z
polar coordinates (in units of H/i)
3 3Z = -(sin <j>7T7r + COtG COS(j)7rr)x v Y30 Y3(j)'
3 3Z = (cosfcrr- - COtG si n f e )  y d (p d <j>
£ = -—  
z 3<J>
( 2 . 6)
The integrals are non-vanishing only between pairs of atomic
orbitals such as (Px ,Py ), (dxz.dy2)> (dx2y2, dxy) ........
i.e. those having the same angular momentum quantum number Z.
The non-locfal diamagnetic and paramagnetic terms are obtained
C19 24 )
using the long-range approximationv * in which it is
assumed that the induced moments in the electrons an atom B
can be replaced by a point dipole. The values of the angular 
momentum matrix elements required in expressions (2.4) and
(2.5) are given in Table 2,1 for P atomic orbitals.
TABLE 2.1 Some values of angular momcntm ratrlx elements for P orbitals
1 |P > I IP > t |P > I IP > t |P > t IP > I |P > I IP > t |]> > 
x' x y x z ' x  x ‘ y y y * y . * * y * z' y
<Px>
< Py l
<PZI
For compounds containing elements in the first row of 
the periodic table, and also many in the second row, the LCAO 
scheme can be developed satisfactorily with only atomic S and 
P functions. The rotationally averaged values of the local 
diamagnetic and paramagnetic terms are given by
o*(loc; = | [ c ^ ( l o c )  + ayd(loc) + Oz^(loc)]
ye* A , .
^ —  r p (o,<4» |r-IU  >127rm pp rp* 1 rp
(2.7)
28
and
0A (1° C) = | t axX(1°C) + ayy(l0C) + “zzdoc)]
y e2fi2 - occ unocc
cT— z—  <r 3> Z Z ( ^ E ^ 0^ - 1 0  ^ 1 
npA j k J o
r( 0 ^  C ^ )  Z(C^0  ^ C^°? - c^0} C^°?) (2 .8)
* zAk z a ^ y a g zB yBk
+ (C^0  ^ - C^°? c W )  Z (C^°? C ^ ° )  - C^0} C ^ )ZAJ xAk xAk zAk^ B zBJ xBk xEJ zBk;
+(C^°? c W  - C^°? C^°?) £ (C^0  ^ c W  - C^0} C ^°?)1
' XAJ yAk yAJ XA B -XBJ yB yBJ XBk J
where 0 } is written for the coefficient of the unperturbed 
XAJ
P orbital on atom A etc. And <r 3> is the mean inverse x npA
cube of the radius of the np orbital on atom A. The mean value 
of the non local diamagnetic and paramagnetic contributions 
are evaluated in a similar way from:
a^(nonloc) = il a ^(nonloc) + a ^(nonloc) + a d(nonlocj| (2.9) A y 3 xx yy zz
and
a p (nonloc) = 4  f a P(nonloc) + a P(nonloc) + a P (nonlocj| (2.10) A' 3 L xxv ' yy ' zzv v
d idwhere the components a (nonloc) and a p (nonloc) are given
XX XX
by equations (2.3) and (2.5) respectively. The summation 
over atom B in equation (2.8) includes A, and it is obvious 
that the summation will be zero unless both atoms A and B 
possess np valence electrons. An additional simplification 
may be made by writing the inverse excitation energy factors 
(i-gk(°)_ e ^°)) 1 as a mean value <AE^y>. The summation over 
j and k can be expressed in terms of the generalized bond- 
order matrix since overlap is neglected in' the semi-empirical 
methods used, it follows that
occ unocc
E C . C, . + Z C C, = 6 . (2.11)j  y j  Aj . K yK Xk yX v '
the expression for the rotationally averaged local paramagnetic 
term (2.8) then becomes -
°A = - <AEIv><r",>tiP. E QAB (2 *12>
A
where the sum £ is over all atoms in the molecule including
B
A.
There is a certain degree of arbitrariness in the choice
of an appropriate average excitation energy value AE, in
equation (2.12). It is found that AE varies significantly
(30 31)even within a related series of compoundsv * . , therefore 
the use of the Average Excitation Energy (AEE) approximation 
in the calculation of nuclear shielding is unreasonable in 
many cases. The bond order-charge density terms QAB are 
given b y :
QAB = I  ^ A B ^ W  + PyAyB + PzAZB>
| (p xa Xb P yAyfi + P xAxB PzAzB + PyAyB P z ^ )A B A B
- t  (P xAyB P xByA - p x,z, Px„z„ + PA A B A yAZB 1 yB ZA
(2.13)
This is the generalization of a formula previously given by
Pople^25,26\  and in which p x^ P;xB , p yA p yB , ....... are charge-
densities, where all charge is assigned to the atomic orbitals
and none to the overlap functions. p x A p y~ ...... is aA c
"bond-order" between the two orbitals.
In equation (2.8) <r 3 > y.~ is usually evaluated using
A
Slater Type Orbitals (STO’s) by means of the relationship
<r np
A
1 r Znp "I
M nao J
(2.14)
where a is the Bohr radius and Znp is the effective nuclear o - ^
charge for the np atomic orbital. The local diamagnetic and
paramagnetic terms (equations 2.7 and 2.8 ) are proportional
to the <r *>and <r 3>integrals respectively. For (STO’s)
these integrals are proportional to Z^ and Z^ respectively,
where Z^ is the effective nuclear charge for the atomic orbital
*
<j> on atom A. The <r_1>and <r"*3>n^ integrals are usually 
evaluated by means of this relationship
Z
< r  1> = <cj) | r a|<f> > = -y—
Yy ‘ |Yy n a0
(2.15)
(27)By means of Slaters rules 'the effective nuclear charge 
for the 2s and 2p orbitals for some first row atoms is the 
same and is given b y :
Z2s = Z2p = Z° + °-35 C  (2.16)
where Z° is the effective nuclear charge for the free atom 
netand qA is the net charge on atom A. Equation (2.16) may 
be expressed as a function of electron charge densities P :
r r*
Z2s " Z2p = A - °‘35 P2s2s ' °-35 [P2p}2p + P^ 2 p
L * x * x  y y
f oo
Burn’s r u l e s v } have also been used to evaluate the effective 
nuclear charge, these give:
Z2s B U *4 2s2s L 2PX2PX 2py2Py P 2pz2pz J (2.18
and
Z„ = C - 0.5 pj)0-* - 0.35 fp^° \  + p { ° K  1 (2.19
2p 2s2s L 2PX2PX 2py2py 2pZ2pzI
%
The values of the constants A, B and C for 13C are 4.65, 4.4 
and 4.35 respectively.
* d p
Non-local contributions to a and o are usually considered
by assuming that the induced moments in the electrons on atom B
(24 )
can be replaced by a point dipole
For the first row atoms the effect of this dipole on the 
shielding of nucleus A is found to be negligible although it 
can be important for protons ^ ,2^ .
Intra-atomic terms in equation (1.36), which arise from 
a neighbour anisotropy effect and from ring current effects, 
are negligibly small for nuclei other than protons. The 
calculations in the present work have used equations (2.7) 
and (2.8) with equations (2.14), (2.15), (2.16) and (2.17) to 
evaluate the local contributions to the shieldings of 13C 
nuclei. Similarly the non-local contributions have been 
evaluated within Pople s GIAO approach.
2.3. Calculation using All-Valence electron LCAq -SCF-MO theory
The exact solution of the Schrddinger equation for many 
electron atoms and molecules is not readily available. So 
these systems require some approximation methods, the first is 
that in which the "many-electron" wave function ^ is written 
as an anti-symmetrized product (1.13) of one-electron molecular 
orbitals .(t|k 's ) formed from a linear combination of atomic 
orbitals (<f> ’s), iK = £ C . , where <J> are real atomic functions
The best molecular orbitals, are obtained by varying all
the contributing one-electron functions tJ>j , ..., .ty in
the determinant until the energy reaches its minimum value.
The coefficients, C ., are determined by a variational 
 ■  * yj
! Procedure ^ i.e. chosen so as to minimize the expression
■p = /ilfffijjdt 
fipip dt ( 2 . 20)
where E represents the expectation value of the electronic 
energy associated with the N-electron Hamiltonian H of a 
given molecule.
The LCAO approximation to these Hartree-Fock orbitals
( 32)
leads to Roothaan^s equations 'which require, for each 
molecular orbital il>. , that the coefficients C . satisfy the
1* VI
(32)following set of simultaneous equationsv J
Z (V >  " ei W  Cv . = o for U = 1,2 ........m (2.21)
where F = F<t> dt (2.22)
r1 v  r* A /
and S is the overlap integral for atomic functions <f> and
r  ^  r*
(|>v and is given by:
S = /(J) cf> dt (2.23)yv Ty Yv v -
For a closed shell system Roothaan has shown that F^v is 
given by:
V  = ^  + PXa[(,JVlXa) -  i(*jXlv a )] (2-24)
where
H^ re= ; <!>v (l) dt x ' (2.25)
and
(lav | Aa ) = ^ ( 2 ) ^ ( 2 )  dtrdt2 (2.26)
where P^a are the elements of the bond order-charge density 
matrix, defined as:
pAa = 2
OCC
Z CAi Cai (2.27)
In the Born-Oppenheimer approximation
N
2 [ z 5 2v2 . - V .  z 
£ L 2m k 4Tr e 0 b  r
B
KB
] 47r£° K>1 K&
N 2
or %  = 2 X 001-8 + zK ^  4u e 0 K>0 K>Ji. rKJ,
(2.28)
where'rfr? is the one-electron Hamiltonian which corresponds
V . K  ;
to the motion of an electron k in the field of the bare 
coren u c l e i , i s  given by
core _ -h 27 2 _ e2 
*^ k 2m k 4tt£ o B
B
KB
(2.29)
B “ r-72 e
ZB are respectively the kinetic
th
where - 5m VK and - 4i t 5 rKB
energy and the potential energy operators for the k 1'11 electron, 
the summation is over all atoms in the molecule, r<B is the 
distance between the electron k and nucleus A and Z^ is the
nuclear charge.
K Z
in equation (2.28) represents the mutual
repulsion operator between any two electrons k and &.
The general approach is based on the variation principle 
and involves a systematic determination of the stationary 
values of the energy of the system, this is treated by 
adjusting an approximate many-electron wavefunction ^ through 
variation of all of its contributing one-electron molecular
orbitals i|>2 ,........, in the determinant (equation 1.13 )
until the energy (equation 2 . 2 0 ) achieves a minimum value.
Such orbitals are referred to as SCF or Hartree-Fock molecular 
orbitals.
The differential equations are:
pf°re + Z (2Jj - ICJ ^ ± = Z e±j ; i = 1,..... n (2.30) 
 ^ j
or F I  = Z e . . i|) . 5 i = 1 .... , n . (2.31)
J
3
where F is the Fock Hamiltonian operator and is the energy
of the i^, molecular orbital. The coulomb J. operator and th J
exchange K^ . operator are defined as:
(1) ij,. (1) = [/ (2>~~ j (2) d t j ^ d )  (2.32)
K. (1) r|», (1) = [/ i))* (2)-i- i|> (2) dt2]<|>.(l) (2.33)
J J 12 ^
The multi centred integrals (pv|Xa) which arise, even with 
a minimal basis set, are formidable in number and difficult 
to evaluate.
The approximate LCAO-SCF-Mo treatments of all of the
valence electrons in a molecule have been described by Pople,
(33)Santry and Segalv 'in which the Zero Differential Overlap 
(ZDO) approximation is invoked to simplify the LCAO-SCF-Mo 
calculations.
2.4. CNDO Method
(33 34)
Pople, Santry and Segal^ 9 'have developed a SCF-Mo
method based on the Complete Neglect of Differential Overlap 
(CNDO). Only those electrons in the valence shell are 
considered explicitly, the inner shells being treated as a 
part of an unpolarizable core, so that they modify the nuclear 
potential in the one-electron part of the Hamiltonian. In 
this method the Zero Differential Overlap (ZDO) approximation 
is invoked for the two-electron repulsion integrals, thus 
considerably reducing their number and type. It is based on 
the fact that the overlap distribution (l)(j>v (1) is very 
small unless y = v. So, the repulsion integrals involving 
these overlap distributions are also small, thus:
(Uv|Xa) = (yy|XX) 6yv6Xa (2.34)
Furthermore, the two-electron integrals depend only on the
atoms A and B to which the orbitals (j), and belong, rathery a
than the actual type of orbitals. Thus:
(yyIxx) = yAB
all y on atom A
all X on atom B
(2.35)
where Y^g is an average electrostatic repulsion between 
any electron on A and any electron on B. The following 
forms of equations (2.21) and (2.24) apply:
Z F C . = e. C .yv vi i y ly
(2.36)
where the elements of the Fock-matrix F^v are given by:'
yy
jpDre
4 Pyy(uu|yy) + z p x x (v p |x x ) (2.37)
and F.yv
^core
yv 4 Pyv(uu|vv) ; u 4 v (2.38)
For the Fock-Hamiltonian matrix elements the CNDO expressions 
(2.37) and (2.38) now become:
? =  f f ° Te - i p Y + £ P Yyy yy 2 ^yyyAA g ^BBYAB ;<j)y on A (2.39)
and
yv
T3core 
Hjv 2 PyvYAB ; <}> on A, i  on B (2.40)
where Pgg is the total electron density associated with atom B
BB
B 
£ PXX (2.41)
The matrix elements of the core Hamiltonian operator are 
approximations:
T j C O r e  _  H __ y 2  „  y
2m " VB (2.42)
13
where -■ V„ is the potential due to the nucleus and innerJd
shells of atom B.
The diagonal matrix elements Hy are separated into
p* r
one- and two-centre contributions
C e - V  " b|a (y|VB |lJ) '> * V °n at0m A (2-43)
where U is the one-centre term given b y :
r* r
Duu = (u|"4 y2_ VA |v) ' (2-44)
and Z (y|VR |y) gives the electrostatic! interaction of an 
B+A
electron in <j>^ with the cores of the other atoms A, and is 
expressed b y :
(U|VB | H ) = V AB (2.45)
where - V^g is the interaction of any valence electron on 
atom A with the core electrons of atom B. The off-diagonal 
core matrix elements H may be separated into two parts:
r* v
If d> and d> are functions of the s,p,d...... type then UYy V tr, , , j jr yv
is zero by symmetry. ■ U ^ i*1 equation (2.46) depends only on 
the local environment and is a measure of the possible lowering 
of energy levels by an electron being in the electrostatic 
field of two atoms simultaneously. It is referred to as a 
resonance integral denoted by 3 v
C8 = 6PV = 62 B S yv ' (2’47)
where is a constant chosen to depend only on the nature 
of atoms A and B.
The Fock-Hamiltonian matrix elements are now expressed 
in an approximate form by:
Fyy Uyy + (PAA 4 Pyy4 yAA + B(-|A) (PBBYAB VA B )
V
and
; <j> on A (2.48)
F = - i P y ATD • d) on A, d) on B (2.49)yv AB yv y v ’AB j yy Yv
F may be rearranged in the form
F = U + [PAA + 4 P yy]Yyy yy _ j AA
B(|a ) QfiYAB + (ZbYa b  " Vab)]
(2.50)
where Qg is the net charge on atom B.
(2.51)
-Qb Ya b  represents the effect of the potential due to the total 
charge on atom B. z b ^AB ^AB difference between
the potentials due to the valence electrons and the core of 
the neutral atom B, and is usually referred to as a penetration 
integral.
CNDO calculations require values of the overlap integrals
S the electron repulsion integrals y^g, the bonding
parameters 3 and the core Hamiltonian elements'tJ , V AD.a d  yy Ajd
Uyy is essentially an atomic quantity measuring the energy of 
the atomic orbital .<J> in the field of the core of its own 
atom. It is approximated in the CNDO/2 method by:
(2.52)
where I represents the ionization potential of an electron 
in ^  on atom A and A^ represents the corresponding electron 
affinity. The orbital electro-negativities £(I + A ), whose]-I |-l
values are listed in Table 2 f2, are determined from
appropriate spectroscopic data.
TABLE 2.2 Orbital electro-negativities -$(IU + A ) (ev)
r  r*
ATOM H Li Be B C N 0 F
« W 7.176 3.106 5.946 9.594 14.051 19.316 25.390 32.272
-«W 1.258 2.563 4.001 5.572 7.275 9.111 11.080
The electron-core potential integrals are evaluated by
relating them to the electron repulsion integrals
VAB ZB YAB (2.53)
whereas the off-diagonal matrix elements ( y ^ )  are
r  "
neglected unless <f>^ and <|>v are on different atoms, in wfrich 
case it is taken to be proportional to the overlap integral 
S^v according to:
Tcore
uv = £k(3^ + $g)Syv ) on A and <j>v on B) (2.54)
where k = 1 in the CNDO/2 method and 3^ depends only on the 
nature of atom A, and is calibrated by comparing the CNDO/2 
result with ab-initio claculations for small molecules for 
such properties as geometry, orbital energy and population 
analysis. The values of 3^ are given in Table 2.3 for first 
row atoms. ' -
TABLE 2.3 Bonding Parameters 3^ (ev)
ATOM H Li Be B C N . 0 F
9 9 13 17 21 25 31 39
The electron repulsion integral y^B is calculated as the 
two-centre coulomb integral involving valence S functions 
given b y :
yab = f f S i  (1) ( r 1 2 )” 1 sl (2> dt» « (2.55)
Within the CND0/ 2 framework the elements of the Fock matrix F
, (35)are given by ' :
F = - H I  + A )+ T (PArt - Z A) - H P  mi ]i y L A A A' yyyy 1) ] YAA
E ^PBB ZB^yAB
B(+A)
(2.56)
F = 3 - i P y AO ; d> on A, d> on Byv yv yv'AB > y v
(2.57)
where P^A is the total charge density on atom A, defined by:
AA £ P y(on A) V V
(2.58)
The most successful CNDO treatment of excited states to date
is that due to Del Bene and Jaffe which includes some configura-
/ 20 \
tion interaction, known as the CNDO/s method .
In the CNDO/s scheme, the one-centre integrals Y ^ ,
( 3 7 )are evaluated using the Pariser approximation ' from which
(yy|vv) E y a a  = I A^ and ^  both on A) and YAB is
( 38)evaluated using the uniformly charge sphere model^ '.
Where I and A^ are the relevant valence orbital ionization 
potential and electron affinity, respectively. The resonance 
integrals 3 v , where y and v are o orbitals, are distinguished 
from those where y and v are it orbitals by introducing an 
empirical parameter k. Thus:
3 = i  (3 ° + 3 °) (SQ + k S71 ) (2.59)
yv 2 v A B v yv yv' v '
k = 1 for overlap between a orbitals, the value of k is taken
/ 20 \
to be 0.585 for the overlap between tt orbitals . The 
parameter values for y ^  and 3^ used in the CNDO/s model are 
given in Table 2.4.
This method has been used successfully employed to account 
for the observed singlet-Singlet transitions in substituted
conjugated hydrocarbons^^some hetrocycles^^’ small
m o l e c u l e s ^ ^ . Ellis et a l ^ ^ h a v e  employed the Nishimoto-
( 42 )
Mataga approximation 'to evaluate Y^g> i-n order to improve 
the original CNDO/s method.
TABLE 2.4
Values of and yAA parameters (ev) used in the CNDO/s 
method for some first row atoms.
ATOM H C N 0 F
-*A
1 2 . 0 0 17.50 26.00 45.00 . 35.0(b)
^AA 12.85 1 1 . 1 1 ,1 2 . 0 1 13.00 . 18.0(b)
(a) The original Del Bene-Jaffe parameters are used 
except for F.
(b) Taken from J. Kroner, D. Proch, W. Fuss and 
H. Bock, Tetrahedron, 28, 1585 (1979).
Ebraheem and Webb employed the CNDO/s method within the
(19)framework of Pople’s ' gauge-dependent atomic orbital to
43 44 45 46calculate some carbon, nitrogen, oxygen, boron, and
47
flou nn e  screening constants.
2.5. INDO Method:
A further semi-empirical SCF method^4^ f o r  the determination 
of MO's is known as the Intermediate Neglect of Differential 
Overlap (INDO) method.
The antisymmetry.of a complete wave-function requires
t
that electrons of parallel spin may not occupy the same small 
region of space and, consequently, that two electrons in 
different atomic orbitals on the same atom will have a smaller
average repulsion energy if they have parallel spins. 
Mathematically, this difference shows up as a two-electron 
exchange integral of the type:
(yv |yv ) = //<J>^ '( 1 )<|>^ (2 ) <^ (l)<|>v (2 ) dtxdt2 (yfv ) (2.60)
where <j> and <j> are on the same atom. This type of integral
y ' ^
is neglected in the CNDO theory, and all interactions between 
two electrons on atom A are replaced by yAA irrespective of 
their spin. As a result, CNDO calculations are frequently 
unable to give an account of the separation of states arising 
from the same configuration. In the INDO method the elements 
of the Fock-matrix are given by^48^
+ £ (Pr r  - ZR ) L n  y on atom A
B(+A) BB B AB
(2.61)
and
Fa = (2P - P* ) (yvlyv) - P (yylvv) yv yv yv' ' yv 1 ' (2.62)
The one-centre electron repulsion integrals, using the 
notation of Slater and assuming that the 2s and 2p orbitals 
have the same radial components, are given by:
(SS|SS) = (SS|XX) = F° = yAA (2.63)
(SX|SX) = G 1 (2.64)
(XY| XY) = |g F2 (2.65)
(XX|XX) = F° + F2 (2.66)
(XX|YY) = F° - § 5  F 2 (2.67)
with similar expressions for (SS|ZZ), etc.
The Slater-Condon p a r a m e t e r s , G1 and F 2 are two- 
electron integrals involving the radial parts of the atomic 
orbitals. The values which are used for the G 1 and F 2 
parameters employed in the INDO method for some first row 
atoms are given in Table 2.5.
TABLE 2.5 G 1 and F 2 parameters (ev)
Element G 1 F 2
Li 2.503646 1.356827
Be 3.828447 2.425091
B 5.422 3.548456
C 7.28433 4.72692
N 9.415449 5.960486
0 11.815398 7.249152
F 14.484019 8.592918
The values for the monatomic core integrals U are found
,r r
€
semi-empirically by subtracting the electron interaction terms 
from the mean of the ionization potential, I, and the electron 
affinity, A, of the appropriate average atomic states.
The following relations apply:
Hydrogen : -1(1 + A)g = Ugg + I F 0 (2.68)
Lithium : -1(1 + A)o = U o + 1 F° (2.69)
S SS
-1(1 + A)p = Upp + 1 F° - G1 (2.70)
Beryllium: -1(1 + A)g = Ugs + §  F° - ^  G1 (2.71)
-1(1 + A)p = Upp + |  F° - |  G1 (2.72)
Boron to
1 / n 3fluorine: -1(1 + A)g = 0sg + ( Z &  - 1)F° - i(ZA- ^ G 1 (2.73)
- i d  - A) -  Upp + (ZA - 1)F° - |(ZA- 1)0' (2.74)
where is the core charge of atom A. Another semi-empirical
method which was parametrized for the prediction of spectral
properties is due to Krogh-Jespersen and Ratner, which is
simply that of the ordinary INDO theory, known as the INDO/s
m e t h o d ^ ^ .  The major difference between the CNDO/s and
INDO/s method is the retention of all of the one-centre
exchange integrals like (yv|yiv) in the latter. The principal
difference between INDO/s and INDO is the introduction of the
k parameter (as in CNDO/s) to distinguish between the
screening of effective Pi - Pi overlap (k = 0.585), and the
screening of effective sigma-sigma overlap (k = 1). When
k = 0.585 the Pi resonance integral between neighbouring carbon
atoms is reduced from -4.17 ev to -2.44 ev for the 2p Pi
orbitals in b e n z e n e ^ ^ ( v e r y  close to the value of -2.39 ev
(51)used in the Pariser-Parr-Pople 'model of planar unsaturated
(48)
hydrocarbons). This less negative value will tend to raise 
the enrgy of the occupied Pi orbitals, and thus to counteract 
the incorrect tendency for the occupied Pi Mo's to plunge 
below the sigma M o ’s which is observed when using CNDO or 
INDO procedures. The INDO/s Fock operator is of the same 
type as the INDO-type Fock operator of Pople and Beveridge 
The two-electron coulomb repulsion integrals, Y ^ ,  are 
evaluated as in the CNDO/s and INDO schemes by using the 
Pariser approximation, y a a  = (1^ - A ),.and are given in 
Table 2.6. The parameters 3^ are as given in Table 2.4 
except for oxygen (Table 2.6). INDO/s has been used by 
Jallali-Heravi^^ .
TABLE 2.6 Some values of 3^ and Y ^  parameters (ev) 
used in the INDO/s-.
ATOM
"Pa ^AA
H 1 2 . 0 0 12.484
C 17.50 10.333
N 26.00 11.308
0 31. 00 15.I S ^
F 35 .00 18.00
Some INDO/s calculations of shielding data are compared 
with those obtained using the CNDO/s scheme and experimental 
results, in the form of chemical shifts, in chapter three.
2.6 Uncoupled Hartree-Fock method:
In order to deal with large molecules, some approxima­
tions have been introduced into the coupled Hartree - Fock '
(53 54 5 5 ) •
approach * 9 'to yield expressions for the diamagnetic
and paramagnetic terms which depend on the unperturbed eigen
functions only. These are often referred to as "uncoupled
Hartree-Fock methods". Equation (1.32) for C^ .1. ^ may be
kj
written as:
(e(o) - e(.o))C(l.) + <Ui(o )|l |i|i<o)>
V K J ' KJ yK 1 |yj
+ [ <kj|kj> - < j J | kk> ]
occ unocc 
£ £ 
i+j f+K
U I 1 U V / U »  « / \
+ [<£ j|ki> - <ij|k£> J = 0
Cl)
(2.75)
This equation (2.75) for w  . may be simplified by
•KJ
neglecting all of the off-diagonal terms. By taking the 
terms for which i = j and £ = k we get
+ [ <kj|kj> - <jj|kk>] C<”} = 0
(2.76)
By rearranging equation (2.76) for the « component, 
( C ^  ))o=, we get:
The second term in equation (1.33) now becomes
p 2e2 occ mocc j°  ^lr ^  (2<
= i ? 5 f  ; i e(»). e c.)+ k . _ j.
K J JK JK
The matrix elements in equation (2.78) may be approximated 
by neglecting all of the two-centre integrals to g i v e ^ ^ :
<^!;o ) |l J i| ^ 0V =  iK 2 (C® X C1?:) (2.79)
j 1 = " K  B J "°:
and
} I r 3Lji|-!:o)> = iH<r 3>nJ? (C* x cj) (2.80)
A
where the summation runs over all atoms in the molecule, the
Bcomponents of the vectors C are the unperturbed LCAOIn
coefficients of the corresponding npx , np^ , and npz orbitals
th — o
on atom B in the k Mo, and <r >np is defined by equation 
(2.14).
The difference, between equation (1.25) and the 
energy denominator in equation (2,. 77) arises as a consequence 
of.the preimaginary character of the perturbation used in the 
derivation of equation (2.77). Consequently the excitation 
energies discussed in connection with this equation are not 
related to the electronic spectra of the molecules concerned.
The uncoupled Hartree-Fock method, within the INDO 
framework, has been applied to the calculation of some 
13C, 1UN and 19F chemical shifts^55*5 7 *5^ ,  The calculated 
data are found to be in reasonable agreement with the 
experimental results.
2.7 Finite Perturbation method:
Ellis, Maciel and M c l v e r ^ ^ h a v e  developed a theory 
of nuclear magnetic shielding at the INDO level, using gauge- 
invariant atomic orbitals. The following expressions have 
been derived for the local t e r m s i n  the shielding tensor
y 2
—  —  E  4tt 2m L
A A
Z
]1 v
(r -r ''6o:e - (2-8:
and
y
8Pyv
9B. B=0 <V |rA ,LB l*v> -
(2.8
where P and P ^  are density matrices with and without
p v r v
perturbation due to the magnetic field B, respectively. On 
account of the purely imaginary nature of the perturbation, the 
density matrix P ^  is allowed to be complex, then
= Pyv + ^ Pyv where and Pyv deno’te ■*'ts real and 
imaginary parts respectively. Since only the imaginary part
of P^v will change linearly with the perturbation due to the
magnetic field B, the derivatives in equation (2.82) are
given approximately by
3P
3B.
y v
B=0
iP.
“B.
lm
yv (2.83)
Maciel and co-workers have applied this method to molecules
(29) l -n o (59) (60) andcontaining carbonv , Fluorine , oxygen 
nitrogen^61 \  It is found^29,62^that the standard INDO 
parameters do not give satisfactory agreement between the 
calculated and observed nuclear shielding of some hydro­
carbons but when a modified set of INDO parameters is used 
better results are obtained^29’59^.
2.8 The evaluation of the molecular coulomb and exchange 
integrals :______ ___________ ______________________________
The molecular coulomb (J. ) and exchange, (k. ), integrals
JK J K
(equation 1.26 ) required in the evaluation of Singlet- 
Singlet transition energies (equation 1.25 )can be expressed 
as:
j Jk =[ jj|kk]
k jk = t jk lkJ ]
(2.84)
where
[idM] = s c cvi cXK COJl (uv|X0 )
yvAa •
(2.85)
using'the CNDO approximation equation (2.85) becomes:
[ i i I k&] , - ^ ttvx =  Z C . C . C, C-x n (yulAA) CNDO L yi yi Ak l l  j
yA
“ ^  Cyi Cuj c Xk CXJ t a b
(4 on A, <|>^ on B)
(2 . 86)
In the CNDO method the JV and k . integrals are evaluated
JK JK
from
Z A, . C . Cw  C , _ Y
yA
'yj yj Ak Ak 1 AB
Z C . C C, . Y a„yX yj yK Ak Aj AB
$ on A and 
<j>A on B
(2.87)
Under the INDO approximation, equation (2.85) may be written 
as
[ij|k&]IND0 = [ij|k£ ] PKrm+ correction (ijk£) (2.88)CNDO
where
correction (ijk£) = Z cui cvi CXk CaA(yv|Aa) '
yvAa
^y, ^ ( 4 ^ ) ,  4>x , V + V  on A
(2.89)
= f ( C  . C . + C  . C .) (C. C .  + C ,  C J  I v xi sj si xj xk s& sk x i
+ (C . c .' + C . C .) (C, C . + C, C - )v yi sj si yj yk s£ sk yi '
1 nl+ (C . C . + C . C .) (C . C 0 + C ’ C „ )1 i  G zi sj si zj zk x i  sk zJl J 3
[ C . C . + C . C . )  (C . C '+ C , C 0 )l xi y j. y.i xj xk y i  yk x i 
+ (C . C . + C . C .) (C , C 0 + C . C 0) v xi zj zi xj xk z i zk x i J
+ <Cyi Czj + Czi-CyJ) .(Cyk Cz£ + Czk S ^ l ' t s  F*
(2.90
+ f c . c . c , c 0 + c . c . c .  c 0I xi xj xk x i yi yj yk y i
- Czi Czj Czk C z i ]  h  p*
- f ( C . C  . C . C . + C . C  . C . C „ ) I v xi xj yk yJt yi yj xk x Z '
+ (C . C . C . C „ + C . C . C , C „) xi xj zk z Z  zi zj xk x Z
+ <Cyi Cyj Czk Cz* + Czi C zj Cyk Is F *
J±k and k ^  in the INDO method may thus be expressed
Jjk = [jj|kk } C N m  + correction (jj-kk)CNDO
(2.91)
and k ^  = [jk|kj ].r!Nm + correction (jkkj)CNDO
2.9 Some computational details:
The nuclear magnetic shieldings reported here were 
calculated using the (GIAO) method described by Pople^ ,
in conjunction with the CNDO/s and INDO/s wave functions. 
These calculations were performed on the CDC 7600 installa­
tions of the unversities of London and Manchester using 
FORTRAN IV programs written for this purpose. The programs
I
are based on some available from the '^Quantum Chemistry 
Program Exchange (QCPE)" at the Chemistry Department, 
University of Indiana, Bloomington, Indiana, U.S.A..
CHAPTER THREE
The results of some calculations of the 
screening tensor and its anisotropy for 
some first row nuclei
3.1. Carbon Chemical Shifts
3.1.1. Introduction
Recent improvements in experimental "techniques, 
employing proton wide-band noise decoupling in conjunc­
tion with Fourier j transform i nmR spectroscopy, have made 
it possible to obtain high quality spectra routinely 
from samples which contain 13C in natural abundance.
The theoretical interpretation of carbon-13 chemical
shifts is of wide-spread interest at both the ab initio
(2 }and semi-empirical molecular orbital levelsv '.
(23}Ditchfieldv 'has developed an ab initio SCF method
including finite perturbation theory to calculate 1 3
chemical shifts. This methocl, unfortunately, is limited
(23}to small molecules 'which can be treated with extensive
ab initio calculations. For larger molecules semi-
(2 }empirical methods are more practical at present .
(19}Poplev 'has developed the independent electron 
theory of molecular diamagnetism which provides the most 
satisfactory model to date for applying semi-empirical 
molecular orbital calculations. The results of such 
calculations on first row nuclei have been reported by
(43_47')
Ebraheem and Webbv 'by means of various parametari-
zation schemes. It was shown that, the CNDO/S set of
t
parameters provides the most reasonable screening 
results in most cases.
Ando and Co-workers^^~64^using Pople’s GIAO-MO 
theory in conjunction with the MINDO/2 parameterization, 
have presented the results for 13C shielding anisotropies 
of some simple organic molecules and have shown them to 
be in reasonable agreement with the experimental data.
3.1.2. Results and Discussion of 13C chemical shifts in 
different m o l e c u l e s __________
Carbon-13 chemical shifts, with respect to benzene 
in the present work, have been calculated for a variety 
of molecules by means of Pople’s GIAO-MO method in 
conjunction with the CNDO/S and INDO/S wave functions.
In addition the 13C screening anisotropy is reported.
The results are compared with experimental data where
. -j (65-75) availablev .
The calculated differences in the average 1 3,
shielding, arise almost entirely from changes in
The variation in a is within 3 ppm, an overall average
_3
value of 260.0 ppm for a is obtained from the CNDO/S 
and INDO/S calculations.
This is similar to the diamagnetic contribution 
calculated of 13C for different m o l e c u l e s .
3.1.2.l.13C Chemical Shifts of Cychlohexenone molecules
It is apparent from Table 3.1. that the INDO/S
  ..   / /%/> \
chemical shifts of cyclohexenone and its substituents^
are numerically smaller than the experimental data in 
all cases considered. Whereas the CNDO/S results are 
closer, numerically, to the experimental chemical shifts. 
This probably due to the effects of the exchange integrals, 
k., , which are included in the INDO/S but not in theJ-K
CNDO/S calculations.
It can be readily seen from Table 3.1. that the 
CNDO/S results are in substantially better overall agree­
ment with the observed 13C chemical shifts than are those 
from the INDO/S calculations. This is demonstrated in 
Figure 3.1.. The overall reasonable agreement obtained 
from the CNDO/S data is shown by a correlation coefficient 
of 0.759 and standard deviation of 23.06 ppm and a slope 
of 1.45 for the least squares line. For the INDO/S 
results the corresponding correlation coefficient is 0.15 
and standard deviation is 35.01 ppm and the slope is 2.19. 
The calculated chemical shielding data appear to be 
dependent on the chosen molecular conformation. However, 
accurate conformations are difficult to obtain.
The molecules when in solution and in the gaseous
state may have different conformations. The molecular
conformations used in the chemical shielding calculations
(77)were obtained from standard bond lengths and angles'
( 78 )from standard configuration data^ 'and by geometry 
optimization using the CNDO/2 (GEOMIN) computer program.
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Figure 3.1 Plot of the experimental 13C chemical shifts
of cychlohexenone molecules against the values 
calculated by the CNDO/S and INDO/S methods. 
Slope = 1.45, standard deviation = 23.06 ppm, 
correlation coefficient = 0.759 by the CNDO/S 
method and slop = 2.19, standard deviations 
35.01 ppm, correlation coefficient = 0 . 1 5 3  by
3.1.2.2. 13C Chemical Shifts of Alkyl and phenyl pyrylium
perchlorates and pyridine molecules_______________
Table 3.2. presents the chemical shifts for some
alkylpyrylium perchlorates, phenyl substituted pyrylium
perchlorates and pyridine salts. These molecules were
assumed to be planar and linear, standard bond: lengths I
and angles were used to calculate the atomic coordinates
of these molecules except for the pyridinium salts which
were optimized. The chemical shift data obtained are
compared with the corresponding experimental d a t a ^ ^ i n
Table 3.2. The results are demonstrated in Figure 3.2.
with a correlation coefficient of 0.931, a standard
deviation of 23.01 ppm and a slope of 1.868. The large
spread in the carbon chemical shift results for those
molecules may be interpreted partially as being due to
(79 )the electric field (polar group effects). Buckingham' 
has shown that the electric field at particular nucleus, 
arising from polar groups in another part of a molecule 
leads to induced shifts which are proportional to the 
first power of the field strength. The polar group may 
occur due to the protonation of a nitrogen lone pair.
3.1.2.3. 13C Chemical Shifts of Anthraquinones molecules
The conformations of some anthraquinones were
/ rj g \
determined from a standard geometry' and the
substituents were introduced using standard configurations^ 
Table 3.3 presents some calculated and experimental data.
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Figure 3.2 Plot of the experimental 1 3C chemical shifts of 
alkyl and phenyl pyrylium perchlorates and 
pyridine and their substituted against the 
values calculated by CNDO/S method.
Correlation coefficient = 0.93, standard 
deviation = 23.01 ppm and the slope = 1.868.
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Figure 3.3 Plot of the experimental 13C chemical
shifts of anthraquinones molecules
%
against the values calculated using 
CNDO/S method.
Correlation coefficient —  0.65, standard 
deviation = 15.8 ppm and slope = 0.72.
The results are demonstrated in Figure 3.3 with a 
correlation coefficient 0.65, a standard deviation 
15.8 ppm and a slope of 0.72. The calculated chemical 
shifts of molecules 1 and 5 were found to give poor 
agreement with the experimental data, whereas other types 
of substituents show a reasonable agreement. From 
theoretical and experimental d a t a ^ ^ ,  the most general 
conclusions are that anthrquinones may be considered as 
.comprising two benzene rings linked by two carbonyl 
groups, which interact rather weakly with these rings.
In molecule 2 in Table 3.3 the electron donation 
of the hydroxyl substituent to the ortho position enhanced 
by the presence of the adjacent electron attracting 
carbonyl group.
3.I.2.4. 13C Chemical Shifts of some polycyclic Aromatic
compounds and their Amino derivatives _______
The conformation of some, naphthaline, quinoline,
isoquinoline, acenaphthene and their amino d e r i v a t i v e s ^ ^
( 78 ^were determined from standard configurationsv . These 
molecules were assumed to be planar and linear. The 
calculated chemical shifts are^ compared with the experimental 
data (Table 3 C4) as demonstrated in Figure 3.4 with a 
correlation coefficient of 0.64 a standard deviation 
19.56 ppm and a slope of 1.09 using INDO/S method, and a 
correlation coefficient of 0.43, standard deviation of
TABLE 3.‘1. Some of calculated results in (ppn) of 15C chemical shifts using CNDO'S and INDO/S program 
of some polycyclic aromatic (la-4a) and their amino derivatives (lb-4b) compared uith 
experimental data.
naphthalene 1-aminonaphthalene
Atom No. calculated experimental Atom No. calculated experimental
CNDO/S INDO/S CNDO/S INDO/S
Cl -10.75 -7.19 -0.28 Cj ■ -11.33 -5.64 15.93
c* -13.15 -9.25 -2.29 c2 -16.56 -11.48 -19.57
C j -12.24 -9.25 -2.29 c, -13.36 -10.02 -1.49
c* -10.75 -8.15 -0.28 c., -14.22 -10.67 -11.07
C-a -13.68 1.19
5.56 C*> a -5.63 -0.42
6.63
«L
C5 -10.75 -7.19 -0.28 C5 -13.27 -9.13 0.07
c* -13.16 -9.02 -2.29 c* -15.19 -10.48 -2.57
C7 -12.23 -9.27 -2.29 c7 -14.57 -10.98 -4.0
c, -10.75 -8.15 -0.28 - c. -12.57 -9.77 -6.43
C*a . -13.68 1.19
5.56 C,a -6.03 -0.6
-4.52
quinoline 5-aminoquinoline
(2a) - (2b)
NHj
Atom No. calculated experimental calculated experimental
CNDO/S INDO/S CNDO/S INDO/S
C 2 -13.68 -3.68 22.37 -14.93 '-4.48 21.79
c J -14.32 -10.75 -6.79 -16.44 -11.93 -9.02
C, -10.79 -7.14 7.71 -11.9 -8.1 2.21
C <.a -3.86 -0.18 0.34 -5.67 -1.94
-9.66
Cs -9.68 -6.26 -0.09 -8.89 -5.06
16.68
c« -13.54 -9.97 1.62 -16.53 -11.89 -19.57
C j -13.0 -9.68 1.21 -12.67 -9.58
2.01
c. -14.22 -9.46 1.36 -16.3 -10.5 -10.22
C «a -7.18 1.3 20.46 -8.79 -0.13
22.45
TABLE 3.4 (cont.)
- (3a) (3b)
Atom No. calculated 
CNDO/S INDO/S
• experimental calculated
CNDO/S INDO/S
experimental
Ci -11.91 -0.84 24.41 -13.83 -2.08 ' 24.46
c, -14.06 -6.14 15.04 -16.22 -7.52 13.28
c* -11.3 -9.05 -7.77 -12.51 -10.13 -13.1
c*a -4.1 . -0.16 7.71 -6 ; 32 -1.54 -2.42
Cj -11.26 -7.44 -1.57 -10.92 -6.24 15.51
c* -13.0 -8.9 2.29 -16.59 -11.53 -16.33
C> -12 93 -9.05 -0.72 -12.61
-9.53 0.09
C, -11.12 -7.89 -0.5 -14.39 -10.21 -12.37
C.a -4.87 -0.94 0.78 -6.37 -2.31 1.75
isoquinoline 5-aminoisoquinoline
OO
6 5
(4a) acenaphthene (4b)5-aminoacenaphtbene
Atom No. . calculated
CNDO/S INDO/S
experimental Atom No. calculated experimen tal
CNDO/S INDO/S
1 -22.19 -44.6 -99.06
2 -46.64 -45.7 -97.55
3 -15.75 -11.45 -8148
4 -18.74 -14.7 -18.06
5 15.2 9.03 12.51
6 -14.46 -11.SI -10.67
7 -20.21 -14.53 -2.24
8 -22.14 -10.74 -0.22
2a 9.09 3.87 5.74
5a -8.69 -4.28 -5.91
8a 64.2 39.38 17.78
8b 7.66 2.24 12.07
C j - 2 2 . 5 - 2 5 . 1 4 - 9 8 . 1
C j - 4 4 . 4 1 - 3 9 . 6 - 9 8 . 1
c, - 1 5 . 4 2 - 1 0 . 8 3 - 8 . 9 4
c* - 1 5 . 0 1 - 9 . 2 4 - 0 . 2 6
C 5 - 1 8 . 1 4 - 1 2 . 7 5 - 5 . 9 5
C . - 1 3 . 9 5 - 9 . 0 3 - 5 . 9 5
c, - 2 2 . 6 - 1 6 . 9 3 - 0 . 2 6
C , - 2 2 . 6 2 - 1 8 . 0 9 - 8 . 9 4
C ,a 6 .4 4
- 1 . 6 8 17. 86
C *a - 6 . 8 3
- 2 . 3 5 - 3 . 7 9
c *a 1015. 48 ' 82 .2 7
18.86
c v 3 . 6 6 1.13 11.21
e
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Figure 3.4-, Plot of.the experimental 13C chemical shifts of
naphthaline, quinoline, isoquinoline and acenaph­
thene and their amino derivatives against the 
calculated values using INDO/S method.
Correlation coefficient = 0.64, standard 
deviation = 19.56 ppm.
22.23 ppm and a slope' of 0.589 using CNDO/S method.
Relating the chemical shifts of the amino derivatives
to those of the parent compounds gives the substituent
induced shifts (AS) whicfi, for easy comparison, are
shown in Table 3.4. Generally speaking, the effect of
the substituent in the various compounds is rather
similar, i.e. carbons in comparable positions relative
to NH2 group experience comparable AS values within
■
the series.
It is possible to evaluate the individual elements 
of the screening tensor and hence shielding anisotropies. 
Some have been calculated in the present work and
/7Q 7 5 }
compared with the corresponding experimental data^ ~ .
3.I.3. Carbon-13 Shielding Anisotropies of some simple 
organic molecules
The calculated INDO/S results for the 13C shielding 
anisotropies of some simple organic molecules with the 
experimental values are shown in Table 3.5. In general, 
the calculated results are larger than the experimental 
results for carbonyl carbons in Table 3.5, for example 
oxalic acid, dimethyl carbonate,| dimethyl » oxalate, 
benzophenone and benzoic acid! anhydrate* and some of the 
calculated results are smaller than the experimental data 
for methyl carbons such, as those of ethanol, dimethyl 
oxalate ( (CH^OCO)2), methyl acetate and diethyl ether.
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The reason for this discrepancy may be due to the neglect
( 81 ^of hydrogen bonding between the molecules^ .
3.104. The Variation of the shielding constant with
twist angle about single bonds in conjugated systems
In general terms the effect of replacing a hydrogen 
atom on one of the carbon atoms in benzene by a substituent 
would be expected to cause the largest electronic disturb­
ance at this carbon atom, with lesser effects transmitted 
to the other carbon atoms in the ring. The 13C NMR spectra 
of some acetophenones and carbonyl compounds have been
r 82 ^investigated by Dhami and Stothers^ They found that a
comparison of the carbonyl shift data for a large number of 
saturated and conjugated compounds shows that conjugated 
13C carbonyl nuclei are shielded relative to the correspon­
ding saturated derivatives, this has been attributed to an 
increase in the electron density about that carbon atom, 
e.g. in the acetophenones the carbonyl carbon atom is 
shielded due to conjugation with the benzene ring. Also 
the carbonyl shieldings in meta and para substituted 
acetophenones are relatively insensitive to the polar effects 
of the substituent chosen'from the range NH2 to NC>2 . On 
the other hand, significant changes in the carbonyl shifts 
are observed, for ortho-substituted derivatives for which 
the carbonyl carbon absorbs at lower fields than in the 
corresponding meta and para-substituted compounds. This 
mainly depends on the bulkiness of the ortho-substituent 
which may influence the conjugation of the carbonyl group 
with the benzene ring.
On the basis of the results for the carbonyl carbon 
resonances, it is evident that the most important factor, 
unique to the conjugated systems, contributing to the 
shielding of the carbonyl carbon nucleus in the aromatic 
ketones is the degree of conjugation between the carbonyl 
group and the aromatic ring. This suggests the possibility 
of correlating the carbonyl chemical shifts with the 
interplanar angle, t , between these groups (Figure 3.5).
x plane of double bond
H plane of benzene 
ring
H
Figure 3.5
Diagrammatic representation of the angle 
of twist, t , about a single bond in a 
conjugated system0
( 82These results allowed Dhami and Stothersv ^to develop 
an empirical expression relating the twist angle t with 
the carbonyl carbon shift, on the basis that the conjugation 
interaction between the two TT-systems is maximal for a 
coplanar structure, t =0°, and minimal for systems in which
More recently Visser and D a h m e n ^ ^ h a v e  estimated 
the 13C NMR chemical shifts of the carbon atoms of the 
acrylophenones (phenyl vinyl ketones) and some other 
substituted acrylophenones, which are the simplest system 
in which both Vinyl group and aromatic nucleus are 
conjugated with a carbonyl group.
The present work was undertaken to calculate the
shielding constant of the carbon atoms in some substituted
acrylophenones at difference values of the twist dihedral
angle, t (where t is the angle between benzene plane and
the carbonyl group plane). The calculations were carried
/
out by using the INDO/S method except for molecules 
containing chloride substituents for which CNDO/S calcula­
tions were performed.
The results are shown in Tables (3.6, 3.7, 3.8, 3.9 
and 3.10), plots between the dihedral angle, t , and the 
shielding constant for each carbon atom in the ortho­
substituted acrylophenones are shown in Figures 3.6 -.3.10.
In general the variations of the shielding of the 
carbon atoms of the benzene ring are smaller than the 
variation of the shielding in the conjugated side chain.
The presence of electron donating groups (such as OH,
0CH3 and CH3, Figure 3.9, 3.8 and 3.6) makes the shielding 
of the carbon atom in the benzene ring less sensitive to 
the variation of the dihedral angle while the presence of 
electron withdrawing groups make the shielding of the 
carbon atoms of the benzene ring more sensitive to 
variations in the dihedral angle.
•%z03
2
jj
TABLE 3.6. (O-CHj ) 1SC chemical shift calcula 
the experimental data.
ted in ppm using INDO/S method compared with
T Ci c2 C, cl cl c7 c7 c7 c7
0 1.32 -11.28 -17.55 -4.13 -3.72 -9.13 • -9.26 -9.3 -9.8
10 -0.33 -12.41 -19.44 -4.22 -3.63 -9.62 -9.78 -9.58 -9.85
20 0.64 -12.82 -19.88 -3.68 -3.63 -10.06 -9.99 -10.04 -9.89
30 1.64 -13.75 -20.36 -2.78 _ -3.69 -10.24 -10.34 -10.66 -10.13
40 1.26 -14.76 -20.35 -1.84 -3.77 -9.94 -9.92 -10.77 -10.61
50 2.53 -15.02 -19.92 -0.76 -3.79 -9.71 -10.08 -10.58 -10.19
60 3.58 -14.37 -18.96 0.11 -4.03 -9.66 -10.29 -10.56 -10.24
70 5.71 -13.17 -17.57 1.52 -3.63 -9.42 -9.95 -10.2 -9.92
80 8.45 -11.66 -15.91 2.81 -2.91 -9.2 -9.35 -9.66 -9.68
90 9.52 -11.12 -17.12 3.49 -2.29 -8.89 -8.64 -9.05 -9.75
100 7.98 -11.71 -14.89 3.42 -2.14 -9.2 -9.15 -9.49 -10.0
110 5.88 -13.05 -15.82 2.5 -2.52 -9.32 -9.76 -10.07 -10.32
120 3.0 -14.76 -17.19 1.0 -2.9 -9.56 -10.41 -10.52 -10.7
130 0.3 -16.29 -18.57 -0.42 -3.0 -9.66 -10.63 -10.67 -10.99
140 -1.6 -17.34 -19.74 -1.19 -2.53 -9.42 -10.34 -10.39
-10.88
150 -2.65 -17.98 -20.77 -2.07 -2.32 -9.37 -10.13
-10.2 -10.94
160 -3.16 -17.91 -21.29 -2.75 -2.75 -9.41 -9.83 -10.01
-10.92
170 -3.41 -17.8, -21.51 -3.24 -2.13 -9.46 ' -9.6 -9.66
-10.77
i8a 1.63 -16.47 -19.73 -3.21 -2.33 -8.94 -8. 81
-8. 72 -10.68
mean 2.22579 -14.404 -18.767 -0.8126 »-3 .011 -9.4847 -9.8032 -10.007
-10.33
exp. 67.4 7.6 2.0 9.0 8.3 -0. 5 2.4
-3.6 1.7
TABLE 3.6 (cont.)
(«-CH,)
T <v C* c, C~i C~2 C~i C"* C"5 C“t
0 1.82 -16.6 -20.34 -5.36 -9.81 -2.91 - 8.88 - 8.81 -10.98
10 0.54 -16.79 . -20.51 -5.14 -9.77 -3.22 - 9.16 - 9.03 -10.91
20 -1.08 -16.98 -20.66 -4 .55 -9.71 -3.62 - 9.64 - 9.34 -10.71
30 -0.68 -16.61 -20.3 -3.7 . -9.59 -3.74 - 9.9 - 9.42 -10.57
40 0.48 -15.83 -19.49 -2.88 -9.55 -3.98 -10.01 - 9.46 -10.68
50 1.8 -15.04 -18.97 -2.42 -9.9 -4.73 • -10.6 - 9.92 -11.28
60 3.18 -14.13 -18.25 -0.94 -9.82 -4.79 -10.35 - 9.91 -11.29
70 5.45 -13.19 -17.47 0.89 -9.5 -4.59 - 9.67 - 9.81 -11.06
80 7.78 -12.2 -16.75 2.31 -9.16 -4.17 - 9.03 - 9.69 -10.66
90 8.35 -12.44 -19.1 2.96 -8.47 -3.64 - 8.61 - 9.55 -10.28
100 7.07 -12.12 -16.43 2.59 -8.93 -3.94 - 8.91 - 9.8 -10.73
110 5.41 -13.14 -17.05 1.58 -9.15 -4.31 - 9.39 -10.05 -11.32
120 3.06 -14.46 -17.92 0.06 -9.42 -4.78 - 9.94 -10.28 -11.98
130 0.73 -15.56 -18.79 -1.55 -9.48 -5.0 -10.29 -10.25 -12.36
140 -0.73 -16.34 -19.41 -2.33 -9.01 -4.29 - 9.96 - 9.61 -12.18
150 -1.35 -16.62 -19.94 -3.18 -8.82 -3.74 - 9.62 - 9.17 -11.96
160 -1.02 —16.63 -20.54 -3.97 -8. 87 -3.37 - 9.2 - 8.82 -11.7
170 0.18 -16.35 -20.84 -4.45 -8.72 -5.08 - 8.77 - 8.1 -11.27
180 1.33 -16.08 -20.84 -4.58 -8.66 -3.02 - 8.5 - 7.75 -11.13
exp. 65.7 3.7 0.6 9.5 0.3 8.9 - 4.8 - 0.4 - 3.0
(P-CH,)
T Ci C, C7 C7 C7 c: CI C7
0 +1.41 -16.92 -21.09 -5.58 -10.76 -9.08 -2.98 -8.36 -10.5
10 -0.26 - -17.05 -21.2 -5.55 -10.79 -9.18 -3.33 -8.61 -10.38
20 -1.81 -16.87 -20.92 -5.12 -10.84 -9.34 -3.73 -8.87 -10.07
30 . -0.99 -16.18 -20.1 -4.32 -10.75 -9.34 * -3.98 -8.87 - 9.86
40 1.10 -15.56 -18.92 ‘ -3.62 -10.90 -9.51 -4.19 -9.3 -10.01
50 1.81 -14.33 -17.94 -2.83 „ -11.08 -9.69 -4.58 -9.41 -10.33
60 3.69 -13.07 -16.51 -1.19 -10.53 -9.28 -4.16 -8.99 - 9.38
70 6.5 -11.4 -14.62 0.62 - 9.71 -8.8 -3.59 -8.42 - 9.33
80
J
8.6 - 9.79 -12.94 1.96 - 8.91 -8.42 -3.05 -7.87 - 8.94
90 8.91 - 9.47 -14.63 2.48 - 8.22 -8.33 -2.43 -7.57 - 8.69
100 7.44 - 9.71 -12.64 2.13 - 8.47 -8.64 -3.1 -7.75 - 9.37
110 5.79 -11.14 • -13.96 1.13 - 8.75 -9.12 -3.68 -8.12 -10.06
120 3.44 -12.85 -15.49 -0.29 - 9.16 -9.57 -4.24 -8.59 -10.79
130 1.04 -14.45 -16.95 -2.06 - 9.74 -9.98 -4.67 -9.09 -11.50
140 .-0.24 -15.52 -18.23 -2.42 - 9.27 -9.42 -4.06 -8.67 -11.16
150 -0.91 -16.24 -19.45 -3.38 - 9.35 -9.32 -3.8 -8.62 -11.3
160 -0.86 -16.67 -20.62 -4 .28 - 9.63 -9.45 -3.5 -8.72 -11.59
170 0.61 -16.62 -21.26 -4.75 - 9.58 -9.14 -3.19 -8.49 -11.28
180 1.73 -16.38 -21.17 -4.77 - 9.37 -8.88 -2.98 -8.25 -11.04
Exp. 60.3 3.5 0.6 5.9 - 0.2 0.4 14.9 0.4 - 0.2
- - ....
- \
S c
nr
0 3
s'*
XI
TABLE 3.7. (0-N02) 13C calculated chemical shifts in ppm using INDO/S method compared *-i th
the experimental data.
T c. c2 c, cl c7 c7 c7 cl c7
0 2.6 -2.31 -16.55 -1.13 -0.63 -8.81 -7.47 -10 .94
-9.07
10 1.34 -4.52 -16.51 -3.4 -2.15 -9.96 -9.1 -11.91
-9. 85
20 2.54 -9.2 -13.24 -5.72 -3.34 -9.93 -9.13 -11.7
-10.49
30 2.64 -22.26 -17.62 -7.04 -8.4 -11.26 -11.15 -11.96
-11.13
40 3.82 -20.37 -22.72 -3.37 -10.21 -11.48 -10.39 -10.44
-10.79
50 3.48 -17.11 -21.91 -2.36 -10.8 -11.98 -10.44 -9.11
-10.28
60 0.96 -15.5 -21.45 -1.28 -11.09 -12.42 -10.47 -9.36
-10.37
70 0.02 -14.19 -20.7 -1.25 -11.33 -13.25 -11.39 -9.05
-10.73
80 1.48 -12.84 -18.47 -0.28 -10.43 -13.35 -10.17 -8.62
-10.35
90 2.22 -12.32 -20.19 0.24 -10.3 -13.77 -10.46 -9.16
-10.73
100 -0.1 -13.91 -19.28 -0.2 -10.39 -14.16 -10.54 -9.68
-11.65
110 -4.09 -15.77 -19.8 -2.29 -10.96 -13.8 -11.44 -9. 85
-12.24
120 -3.49 -17.69 -20.91 -3.62 -10.92 -12.82 -12.63 -9.22
-12.28
130 -4.56 -18.63 -21.42 -4.23 -10.22 -12.11 -11.24 -8.65
-11.97
140 -6.23 -18.62 -21.77 -6.36 -10.8 -12.49 -10.5
-8.12 -11.99
150 -8.75 -18.25 -22.49 -7.87 -11.48 -13.08 -10.25 -7.49
-12.21
160 -13.34 -17.7 -22.66 -9.29 -12.4 -14 .08 -10.65 -7.67
-12.8
170 -8 . 56 -16.07 -21.69 -3.71 1.51 -9.94 -11.28
-13.08 -10.66
180 -8. 83 -15.23 -21.45 -2.94 2.27 -9.66 -11.18
-12.29 -9.73
mean -1.939 -14.87 -20.04 -3.504 -8.083 -12.02 -10.52 -9.911
-11.02
Exp. 64.2 7.5 2.3 6.3 17.8 -4.7 1.8 5.1
-0.2
TABLE 3.7 (cont.)
(M-II02 )
T Ci c2 Cs C7 cr c? C7 C7 cr
0 -0.76 -16.8 -20.74 -5.37 -14.92 -11.92 -13.89 - 8.59 -6.81
10 -3.89 -17.28 -21.19 * -2.97 -14.76 -12.2 -14.23 - 9.0 -6.69
20 ' -2.9 -17.22 -21.17 -2.9 -15.19 -12.4 • -14.49 - 9.44 -7.23
30 -1.35 -16.82 -20.83 -4.06 -15.36 -12.47 -14.45 - 9.8 -7.69
40 0.23 -16."24 -20.28 -2.98 -15.25 '-12.42 -14.19 -10.02 -8.03
50 1.56 -15.64 -19.64 -1.94 -15.04 -12.3 -13.95 .-10.25 -8.38
60 3.12 -14.84 -18.93 -0.93 -14.73 -12.19 -13.86 -10.39 -8.6
70 4.65 -14.07 -18.25 0.28 -14.07 -11.91 -13.64 -10.3 -8.67
80 5.89 • -13.38 -17.67 1.13 -13.39 -11.63 -13.24 -10.04 -8.67
90 6.21 -12.8 -19.9 2.03 -12.71 -12.43 -13.35 - 9.56 -8.21
100 4.82 -13.65 -17.49 1.24 -12.85 -11.44 -13.09 - 9.52 -8.74
110 2.65 -14.6 -18.24 0.48 -13.2 -11.72 -13.96 - 9.73
-8.92
120 0.21 -15.74 -18.98 -0.63 -13.52 -12.29 -13.58 - 9.85
-9.28
130 -1.59 -16.69 -19.71 -1.59 -13.55 -12.66 -13.63 - 9.58
-9.44
140 -1.91 -17.06 -20.38 -2.27 -13.21 -12.54 -13.51 - 9.06
-9.32
150 -3.7 -18.02 -20.97 -3.83 -13.31 -12.54 -13.58 - 8.9
-9.33
160 -1.67 -17.21 -21.29 -4.11 -13.02 -12.41 -13.48 - 8.61
-9.22
170 -0^42 -16.82 -21.23 -4.45 -12.87 -12.13 -13.39 - 8.47
-8.85
180 -0.16 -16.41 -21.18 -4.91 -12.32 -12.02 -13.29 - 8.25 -8.63
exp. 55.1 - 7.0 3.5 10.1 - 5.5 19.5 - 1.2 1.5 5.7
(p-N02)
T Ci Cz Cj cT cr c7 c7 C7 c7 .
6 -2.44 -15.95 -20.01 -2.27 -8.61 -11.0 -12.38 -10.78 -8.39
10 -4.71 -16.94 -21.06 -2.97 -9.05 -11.31 -12.78 -11.05 -8.68
20 -5.76 -17.67 -21.52 -3.34 . -9.64 -11.65 -13.26 -11.42 -8.84
30 -1.95 -16.5 -20.91 -1.96. -9.91 -11.73 -13.51 -11.62 -8.92
40 -0.31 -15.93 -20.24 -1.1 -9.95 -11.95 -13.34 -11.89 -9. 16
50 1.23 -15.44 -19.51 -0.3 -10.16 -12.49 -13.27 ' -12.28 -9.68
60 3.49 -14.48 -18.58 1.07 -9.83 -12.56 -12.68 -12.2 -9.73
70 5.99 -13.96 -18.33 2.47 -9.35 -12.42 -11.83 -11.91 -9.61
80 8.39 -14.13 -19.4 3.33 -9.04 -12.39 -11.15 -11.77 -9.48
90 8.67 xl3.45
t
-21.01 3.83 -8.41 -12.47 -11.11 -11.81 -9.05
100 6.71 -14.72 -20.09 . 3.23 -9.04 -12.5 -11.31 -12.0 -9.76
110 -3.79 -14 .13 -18.5 2.43 -9.08 -12.56 -11.95 -12.01 -10.01
120 -2.83 -15.16 -19.1 1.23 -9.02 -15.51 -12.68 -11.97 -10.33
130 -1.98 -16.14 -19.5 -0.08 -8.91 -12.46 -13.46 -11.92 -10.52
140 -3.04 -16.56 -20.33 -0.76 -8.45 -12.07 -13.79 -11.32 -10.41
150 -3.39 -16.8 -21.02 -1.6 -8.52 -12.04 -13.76 -11.27 -10.41
160 -3. 19 -16.73 -21.32 -2.26 -8.56 -11.85 -13.38 -11.16 -10.12
170 -2.49 -16.24 -21.0 -2.47 -8.34 -11.55 -12.75 -10.85 -9.-54
180 -1.66 -17.19 . -21.93 -3.75 -9.54 -1 2 . 89 -13.97 -12.19 -10.74
-- /* r\ n n n *» i' 11 n n 7 -5 t 21 :i -5.1 0.7
\ ■v
5C
N
X
O 3
X
$
TABLE 3>8> (O-OCH, ) 13C calculated chemical shifts in ppm 
the experimental data.
using INDO/S method compared with
X Cj Cj cT cl c7 cr cl cT
0 0.96 -16.1 -21.49 -4.93 -8.26 -7.08 -8.77 -10.05 -10.31
10 -5.01 -17.03 -22.5 -5.12 -8.69 -7.79 -9.29 -10.96 -10.56
20 -3.97 -17.36 -22.68 -5.03 -9.24 -8.07 -9.74 -11.59 -10.97
30 -2.25 -17.19 -22.2 -4.32 -9.36 -8.07 -9.84 -11.72 -11.04
40 -0.68 -16.8 -21.39 -9.41 -7.92 -9.76 -11.74 -11.74 -11.05
50 0.89 -16.3 -29.52 -2.47 -9.54 -7.71 -9.57 -11.81 -11.18
60 2 . 82 -15.6 -19.6 -1.26 -9.25 -7.22 -9.07 -11.62 -11.23
70 5.24 -14.6 -18.52 0.08 -8.85 -6.65 -8.26 -11.07 -11.02
80 7.32 -13.64 -17.62 0.98 -8.29 -5.96 -7.42 -10.4 -10.66
90 7.53 -13.76 -20.08 1.35 -7.88 -5.74 -6.9 -9.98 -10.26
100 5.89 -14.34 -17.72 1.09 -8 .'06 -6.48 -7.58 -10.25 -11.05
110 3.45 -15.2 -18.15 0.19 -7.85 -7.14 -8.57 ‘ -10.92 -11.92
120 1.2 -16.67 -19.24 -0.71 -8.1 -7.61 -9.24 -11.34 -11.88
130 -1.05 -17.76 -20.09 -1.98 -8.14 -8.0 -9.81 -11.68 -12.14
140 -1.96 -18.35 -20.83 -2.39 -7.39 -7.55 -9.52 -11.52 -11.96
150 -2.24 -18.52 -21.38 -3.07 -7.0 -7.32 -9.27 -11.21 -11.74
160 -2.14 *-18.61 -21.75 -3.48 -6.64 -6.98 -8.91 -10.59 -11.23
170 -1.38 -18.42 -21.89 -3.68 -6.31 -6.51 -8.43 -10.19 -10.82
180 0.56 -18.08 -21.62 -3.72 -6.25 -6.06 -7.98 -9.94 -10.69
Exp. 63.3 7.6 -1.6 -0.8 28.9 -17.4 3.7 -8.7 0.8
TABLE 3.8 (cont.)
(M--0CHj )
T c, c, c, C7 cr c7 c: Cl c7
0 0.58 -18.29 -21.43 -4.42 -6.77 - 8.74 -10.15 - 9.46 -11.73
10 -0.47 -18.58 -21.81 . -4.18 -6.68 - 9.37 -10.83 -10.1 -11.97
20 -2.11 -18.37 -21.72 -3.39 -6.54 - 9.58 -11.21 • -10.36 -11.64
30 -1.78 -17.9 -21.41 . -2.54 -6.71 - 9.71 -11.34 -10.45 -11.61
40 -0 .2G -17.23 -20.78 -1.7 -6.91 -• 9.79 -11.38 -10.48 -11.78
50 1.43 -16.21 -19.58 -0.51 -6.99 - 9.65 -11.19 -10.45 -11.92
60 2.91 -15.27 -18.69 0.45 -7.14 - 9.51 -11.06 -10.43 -12.1
70 5.19 -13.96 -17.27 2.19 -6.68 - 8.95 -10.41 -10.04 -11.61
80 6.52 -12.82 -16.2 3.48 -6.06 - 8.63 - 9.97 - 9.54 -11.13
90 6.3 -12.99 -18.2 4.2 -5.32 - 8.63 - 9.56 —  8.85 -10.71
100 4.88 -13.11 -16.18 3.8 -5.63 - 9.06 -10.02 - 9.08 -11.1
110 3.08 -14.24 -17.09 2.84 -5.96 - 9.64 -10.58 - 9.43 -11.62
120 1*17 -15.5 -18.12 1.48 -6.29 -10.24 -11.19 - 9.82 -12.24
130 -0.14 -16.61 -19.07 -0.02 -6.44 -10.53 -11.62 -10.1 -12.75
140 -1.33 -17.39 -20.05 -1.06 -6.1 -10.24 -11.59 -10.1 -12.78
150 -1.71 -17.81 -21.01 -2.15 -5.89 - 9.85 -11.51 -10.19 -12.84
160 -1.59 -17.93 -21.76 -3.22 -5.83 - 9.5 -11.24 -10.06 -12.8
170 -1.09 -17.62 -21.89 -3.91 - -5.71 - 9.12 -10.79 - 9.54 -12.53
180 -0.3 -16.93 -21.24 -3.92 -5.55 - 8.7 -10.25 - 8.86 -12.13
exp. 61.0 3.4 0.7 9.6 -15.8 30.9 - 9.7 0.7 - 7.8
(P-OCH j)
T Cl C2 ,C, C7 C7 C7 c: C7 CI
0 -0.38 -18.87 -22.05 -6.4 -9.08 -5.59 - 9.25 -10.1 -11.0
10 -1.29 -19.47 -22.49 -6.35 -9.01 -5.93 -10.08 -10.31 -11.01
20 -1.93 -19.19 -22.28 -5.83 -8.92 -6.18 -10.37 -10.31 -10.89
30 -1.94 -18.66 -21.88 -5.03 -8.98 -6.33 -10.44 -10.57 -11.12
*40 -0.24 -18.23 -21.48 -4:19 -9.16 -6.54 -10.43 -11.12 -11.42
50 0.73 -17.64 -20.88 -3.61 -9.72 -7. 12 -10.67 -11.3 -11.75
60 1.47 -17.16 -20.32 -2.33 -9.78 -7.26 -10.44 -11.09 -11.32
70 . 2.48 -16.39 -19.48 -0.92 -8.92 -6.5 - 9.75 -10.26 -10.59
80 4.92 -15.28 -18.57 0.21 -8.51 -6.37 - 9.26 - 9.71 -10.54
90 6.17 -14.9 -20.51 0.56 -8.19 -6.64 - 9.1 - 9.66 -10.75
100 5.25 -15.23 -18.49 0.64 -8.16 -6.6 - 9.29 - 9.53 -10.78
110 -0.29 ' -15.17 -17.45 -0.14 -9.4 -7.13 - 9.75 -10.01 -10.9
120 1.36 -17.11 -19.89 -1.42 -8.62 -7.22 -10.15 -10.19 -11.69
130 -1.05 -17.96 -20.55 -2.95 -9.18 -7.9 -10.76 -10.79 -15.35
140 -2.6 -18.62 -21.34 -3.6 -8.91 -7.55 -10.68 -10.84 -12.35
150 -3. 13 -18.87 -21.87 -4.23 -9.04 -7.42 -10.7 -11.05 -12.56
160 -3.99 -19.07 -22.51 -5.87 -9.13 -7.34 -10.84 -11.36 -12.84
170 -3.27 -18.5 -22.42 -6.36 -8.75 -6. 76 -10.28 -11.04 -12.7
180 -1.33 -17.41 -21.72 -5.77 -8.22 -6.01 - 9.28 -10.58 -12.3
exp. 60.0 3.3 - 0.1 1.3 2.0 -15.0 34 .6 -15.0 2.0
NX0 3
o
TABLE 3.9. (O-OH) 13C calculated chemical shi fts in ppm using IN'DO/S method compared wi th
the experimental data.
T Ci c2 c, cT c7 c7 cr cl cl
1 1.34 -15.34 -19.34 -4.72 -7.95 -9.62 -9.03 -9.29 -10.41
10 -3.4 -16.0 -20.66 -4.55 -8.4 -10.31 -9.54 -9.86 -15.14
20 -2.38 -16.44 -21.08 -4.1 -8.76 -15.69 -9.64 -15.12 -15.47
30 -0.99 -16.47 -20.99 -3.41 -8.64 -10.54 -9.64 -10.0 -10.27
40 0.23 -16.14 -20.44 -2.43 -8.68 -10.64 -9.5 -10.0 -10.15
r>c 1.53 -15.48 -19.58 -1.62 -9.12 -10.87 -9.57 -9.57 -10.17
60 3.72 -14.52 -18.54 -0.03 -8.75 -10.57 -9.02 -9. 82 -9.91
70 6.62 -13.27 -17.21 1.6 -8.3 -10.21 -8.36 -9.38 -9.65
80 9.06 -11.93 -16.02 2.71 -7.75 -9. 87 -7.75 -8.94 -9.36
90 * 9.53 -11.04 -18.3 2.78 -7.52 -9.83 -7.47 -8.57 -9.67
100 8.09 -11.91 -15.58 2.78 -7.24 -9.61 -7.8 -8.75 -9.59
110 0.36 -15.65 -18.22 1.66 -7.07 -10.18 -8.82 -9.28 -10.19
120 . 3.43 -14.69 -17.57 0.68 -7.41 -10.18 -8.98 -9.57 -10. 2
130 0.89 -16.15 -18.73 -0.92 -7.55 -10.44 -9.44 -9.79 -10.66
140 -0.49 -17.05 -19.67 -1.68 -7.05 -10.21 -9.29 -9.66 -10.74
150 -1.0 -17.4 -20.28 -2.4 -6.61 -9.92 -9.98 -9.54 -10.84
160 -1.03 -4.7.52 -20.59 -3.09 -6.31 -9.66 -8.57 -9.27 -10.72
170 -0.98 -17.59 -20.24 -3.54 -6.09 -9.57 -3.28 -8.84 -10.4
180 1.28 -16.85 -19.86 -3.57 -5.95 -9. 19 -7.7 -8.24 -10.13
Exp. 65.0 1.8 1.8 -9.6 34.6 -10.4 7.7 -10.0 1.1
TABLE 3.9 (cont.)
( U-OH)
9
T ' c, c, cT cr c7 c7 cl cl
0 0.83 -16.32 -20.42 -5.33 -11.52 -7.35 -8.31 -8.12 -10.47
10 -2.71 -17.09 -21.16% -5.25 -11.48 -8.3 -9.04 -8.5
-10.58
20 -3.54 -17.16 -21.25 -4.49 -11.36 -8.59 -9.4 -8.67 -10.31
30 -1.64 -16.56 -20.83 -3.53 -11.3. -8.8 • -9.56 -8.72 -10.33
40 0.24 -15.84 -20.21 -2.78 -11.34 -9.22 -9.88 -8.95 -10.69
50 2.16 -14.95 -19.36 -1.69 -11.07 -9.26 110.02 -8.94 -10.86
60 4.71 -13.63 -18.04 0.02 -10.4 -9.01 -9.65 -8.41 -10.41
70 6.9 -12.27 -16.56 1.46 -10.07 -8.64 -9.17 -8.1 -9.98
80 8.22 -10.86 -15.24 2.51 -9.55 -8.23 -8.87 -7.6 -9.25
90 8.48 -10.78 -17.29 3.09 -8.65 -8.19 -8.65 -6.95 -8.88
100 6.81 -10.84 -15.07 2.78 -9.22 -8.37 -8.91 -7.28 -9.4
110 5.23 -12.28 -16.27 1.9 -9.72 -8.66 -9.3 -7.96 -9.99
120 3.01 -13.93 -17.71 0.58 -10.12 -8.97 -9.61 -8.48 -10.74
130 0.82 -15.35 -18.99 -1 ^ 08 -10.49 -9.19 -9.86 -8.94 -11.41
140 -0.72 -16.27 -19.92 -2.25 -10.46 -8.97 -9.7 -8.96 -11.53
150 -1.32 -16.74 -20.61 -3.09 -10.16 -8.51 -9.55 -8.68 • -11.34
160 -1.31 -16.93 -21.13 -4.19 -10.28 -8.39 -9.28 -8.42 -11.4
170 -0.21 -16.74 -21.4 -4.97 -10.45 -8.19 -8.97 —  .22 -11.41
180 1.1 -15.71 -20.49 -4.64 -9.94 -7.73 -8.41 -7.71 -11.14
Exp. 63.4 3.3 2.3 9.2 1.1 27.7 -13.4 -7.8 -7.8
(P-OH)
T Ci c2 c, C7 C7 C7 c; cr c;
0 1.19 -17.56 -21.45 -5.34 -11.52 - 9.37 -8.31 -8.12 -10.47
10 -1.71 -18.21 -21.95 -5.2 -10.5 -10.03 -8.17 -8.77 - 8.99
20 -2.92 ' -18.13 -21.77 -4.56 -10.62 -10.19 -8.61 -9.02 - 8.84
30 -1.64 . -17.66 -21.42 -3.84 -10.69 -10.26 -8.99 -9.19 - 9.05
40 0.03 -17.04 -20.89 -3.39 -10.86 -10.41 -9.45 -9.47 - 9.64
50 1.91 -16.34 -20.4 -2.35 -10.76 -10.51 -9.48 -9.48 - 9.95
60 4.15 -15.35 -19.65 -0.75 -10.45 -10.46 -9.07 -8.76 - 9.45
70 7.1 -13.95 -18.53 1.0 - 9.54 - 9.81 -8.46 -8.37 - 9.12
80 8.92 -12.58 -17.43 2.22 - 8.95 - 9.62 -7.81 -8.04 - 8.84
90 9.3 -12.16 -18.76 2.96 - 8.18 - 9.35 -7.37 -8.01 - 8.37
100 7.79 -12.79 -17.37 2.51 - 8.57 - 9.52 -7.63 -8.31 - 9.25
110 5.67 -13.89 -18.05 1.48 - 8.88 -10.02 -8.21 -8.48 - 9.74
120 3.27 ’ -15.27 -18.93 0.11 - 9.32 -10.57 -8.76 -8.53 -10.15
130 1.3 -16.51 -19.96 -1149 - 9.99 -11.2 -9.25 -8.47 -10.42
140 -0.53 -17.49 -20.83 -2.62 -10.14 -11.3 -9.28 -3.46 -10.56
150 -1.21 -17.96 -21.64 -3.08 - 9.92 -11.09 -8.86 -8.22 -10.45
160 -1.33 -18.19 -22.34 -3.95 - 9.95 -11.12 -8.64 -8.28 -10.67
170 -0.57 -17.97 -22.53 -4.46 - 9.83 -11.1 -8.34 -8.'17 -10.72
180 0.72 -17.43 -21.93 -4.39 - 9.59 -10.84 -7.43 -7.81 -10.47
exp. 62.2 3.2 1.5 0.1 3.0 -13.0 33. 1 -13.0 3.0
Nr
03
i 'EQJ\ si /
TABLE 310 (O-Cl) 13C calculated chemical shifts in ppm using CNDO/S method
compared with
the experimental data
T Cl C2 c, C i cl cT cZ c7
c Z
0 -36.1 -26.85 -31.126 -45.74 -112.48 -38.0457 -44.7027
-4 7.74 -49.181
10 -32.21 -25.61 -29.9 -43.27 -82.88 -36.27 -4 3.6
-46.42 -46.22
20 -29.24 -23.73 -29.94 -41.67 -83.574 -33.714 -42.8571
-46.636 -45.36
30 -29.3 -25.61 -31.04 -43.12 -81.97 -32.22 -43.01
-46.83 -45.92
40 -29.37 -26.06 -32.275 -44.71 -80.87 -32.791 -43.163
-47.02 -46.4848
50 -29.16 -28.2 -29.33 -47.04 -78.6 -31.76 -43.19
-46.47- -46.37
60 -29.3135 -31.84 -33.39 -51.0721 -79.09 -29.72 -43.53
-46.218 -46.25
70 -27.76 -33.56 -32.26 -54.16 -80.35 -28.36 -49.36
-49.23 -49.13
80 -26.33 -35.26 -31.72 -56.54 -81.852 -26.763 -49.89
-47.08 -46.62
90 -23.68 -36.59 -33.246 -56 .'54 -78.87 -29.22 -48.14
-46.66 -47.61
100 -27.52 -37.45 -35.41 -58.57 -82.54 -34.97 -51.33
-52.33 -53.21
110 -35.37 -40.92 -36.52 -58.52 -82.04 -37.24 -51.08
-52.52 -53.66
120 -40.11 -43.96 -37.61 -57.17 -79.99 -37.48 -49.24
-49.61 -52.34
130 -41.79 -45.89 -37.08 -45.31 -78.18 -37.35 -46.27
-46.4 -50.75
140 -41.15 -45.47 -36.18 -53.05 -80.45 -36.3 -45.97
-46.72 -50.21
150 -38.03 -46.32 -35.13 -51.22 -80.52 -36.69 -43.97
-46.08 -49.26
160 -34.48 -45.69 -35.4 -48.07 -81.36 -36.86 -43.45
-46.02 -49.86
170 -33.02 -43.8 -35.15 -47.03 -82.55 -36.46 -45.59
-47.69 -51.8
180 -33.59 -42.7 -36.51 -50.5 -98.06 -38.83 -49.49
-52.22 -56.47
Exp. 193.4 131.0 131. 3 138.1 136.0 129. 1 131.3
126.6 130.0
TABLE 3.10 (cont.)
-
(W-Cl)
T. c» c2 c, cT c7 c, c: cl cl
0 -29.821 -39.10 -43.73 -4 3.54 -17.832 -55.37 -34.034 -42.74 ' -45.7
10 -29.73 -38.75 -43.05 -43.39 -17.31 -54.4 9 -33.35 -42.02 -45.27
20 -30.1 -38.57 -42.2 -43.7 -16.57 -54.02 -32.8 -41.45 -44.92
30 -30.722 -38.63 -41.55 -44.18 -16.56 -54.13 -32.61 -42.11 -44.81
4 0 -31.63 -29.29 -41.49 -45.43 -16.24 -54.27 -36.95 -42.74 -44.83
50 -32.74 -40.14 -41.8 -4 6.77 -16.37 -54.46 -33.25 -43.74 -45.06
60 -34.169 -41.22 -42.44 -48.16 -16.61 -54.55 • -43.67 . -45.08 -45.46
70 -36.03 -42.53 -43.53 -49.54 -17.14 -54.52 -34.24 -46.52 -46.01
80 -37.56 -43.54 -45.11 -49.74 -17.51 -54.38 -34.91 -41.52 -46.12
90 -39.81 -44.61 -43.34 -51.46 -17.93 -54.25 -35.53 -37.78 -46.25
100 -41.59 -44.48 -45.49 -51.27 -17.91 -53.93 -35.74 -27.44 -45.75
110 -43.48 -44.72 -45.17 -50.52 -17.69 -53.89 -35.89 -46.72 -45.35
120 -45.22 -45.02 -44.98 -49.43 -17.45 -54.04 -36.0 -45.94 -45.2
130 -44.47 -44.32 -44.36 -4 8.05 -17.08 -54.21 -35.69 -45.25 -44 .92
140 -40.03 -42.35 -43.38 -46.72 -16.7 -54.36 -35.04 -44.76 -44.8
150 -35.87 -41.3 -42.94 -45.3 -14.54 -51.25 -34.6 -44.45 -44.83
160 -32.3 -41.25 -43.27 -44.51 -16.57 -54.01 -34.75 -44.58 -45.4
170 -29.24 -41.71 -44.23 -44.11 -16.7 -54.32 -35.02 -44.5 -45.84
180 -28.31 -42.24 -45.21 -44.28 “ -17.18 -55.08 -35.37 -44.9 -46.29
Exp 189.0 131.7 130.6 138.6 128.5 134.7 132.6 129.8 186.6
(P-Cl)
T Cl c2 c, c7 cl c7 c7 cl
cl
0 -33.44 -43.19 -44.49 -48.047 -45.59 -17.63 -57.763 -38.45 -44.39
10 -33.14 -42.89 -44.03 -48.22 -44.24 -16.81 -56.88 -36.13 -43.47
20 -33.2626 -42.495 -43.518 -48.578 -43.381 -16.7136 -56.38 -35.48 -43.232
30 -33.7 -42.3 -43.23 -49.14 -43.16 -24.83 -56.23 -35.87 -43.29
40 -33.702 -42.114 -43.01 -49.76 -43.274 -17.1719 -56.263 -36.37 -43.44
50 -33.844 -42.34 -43.29 -50.51 -42.91 -17.06 -56.226 -36.34 -43.04
60 -34.46 -42.83 -43.803 -51.157 -42.575 -17.047 -46.119 -36.34 -42.68
70 -35.45 -43.48 -44.45 -51.45 -42.36 -17.09 -55.75 -36.4 -46.06
80 -35.37 -44.36 -45.47 -51.89 -42.71 -17.49 -54.58 -37.02 -42.14
90 -39.83 -47.79 -46.594 -52.7 -43.26 -18.09 -56.58 -37.52 -41.66
100 -38.95 -43.99 -45.57 -52.15 -42.21 -16.86 -55.85 -36.88 -41.99
110 -39.71 -43.31 -44.5 -51.98 -42.22 -16.49 -56.66 -35.78
-42.26
120 -40.93 -43.23 -43.95 -51.56 -42.66 -16.47 -56.68 -35.58
-42.57
130 -41.56 -43.21 -43.56 -51.04 -43.24 -16.52 -56.72 -35.67 -42.9
140 -40.8 -43.04 -43.2 -50.43 -43.87 -16.58 -56.88 -35.95
-43.45
150 -38.36 -42.61 -42.78 -49.77 -44.45 -16.61 -57.16 -36.44
-43.91
160 -35.09 -41.94 -42.16 -49.11 -45.02 -16.6 -57.64 -37.2
-44.16
170 -34.21 -42.61 -42.08 -48.7 -45.91 -16.62 -57.98 -37.02
-44.5
180 -33.62 -42.16 -42.2 -48.1 -45.67 -16.81 -56.92 -36.81 -44 .9
Exp. -189.0 -131.6 -130.2 -135.3 -129.9 -128.7 -139.1 -128.7 -129.9
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Figure 3.6 Plot of calculated shielding constant using
INDO/S method against dihedral angle, TAU.
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Figure 3.7 Plot of calculated shielding constant using
INDO/S method against dihedral angle, TAU.
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Figure 3.9 Plot of calculated shielding constant using
INDO/S method against dihedral angle, TAU.
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Figure 3.10 Plot of calculated shielding constant using
CNDO/S method against dihedral angle, TAU.
A correlation of the calculated shielding constant
for different values of the dihedral angle, x, with the
experimental data reported by Visser and D o h m e n ^ ^ ,
Figure 3.12, shows maximum correlation coefficient at the
twist angle of 20° for orthonitroacrylophenones, which is
in agreement with the calculated using the formula of
( 82 )
Dhami and Stothers . By contrast for the orthomethyl-
acrylophenones (Figure 3.11) the maximum correlation
coefficient appears at an angle of 100° while the calculated 
o (69)value is 35 . The lack of experimental values for the
ortho methoxy, hydroxyl and chloro acrylophenones (Figures 
3.13, 3.14 and 3.15) makes it impossible to compare the 
calculated values of x for these compounds. The calculated 
values of x for the orthomethoxy, hydroxyl and chloro 
compounds are 80°, 80°, 100° respectively. Our calculations 
show that the variation of the 13C chemical shifts for 
meta and para methoxy and nitroacrylophenones with dihedral 
angle, x, is smaller than that of the ortho-substituted 
compounds as shown in Figures (3e16, 3.17, 3.18 and 3.19).
The total energies were calculated by varying the 
dihedral angles in 10° steps for ortho (methyl, methoxy, 
hydroxyl, chloro and nitro) acrylophenones using INDO SCF 
method except for orthochloroacrylophenones which CNDO/2 
method was performed,, The results are shown in Table 3.11. 
The dihedral angles corresponding to energy minima are 
shown in Figures (3.20, 3.21, 3.22, 3.23 and 3.24). The 
minimum energies of ortho (methyl, methoxy, hydroxyl,
TABLE 3.11 The results of calculations of the total energy for some 
orthoacrylophenones substituents (CHj, OCH,, 0Hf Cl and 
NOj) at different dihedral angle, t.
Total Energy (a.u. >* •
CH i . OCHj 0H Cl NO,
0 -93.461064 _ 11.058145 -102.661775 -103.60875
10 -93.457844 - 11.058784 -102.662395 -103.615759
20 -93.459524 - 11.059979 -102.663550 -103.626625 -130.531247
30 -93.476265 - 11.060848 -102.664383 -103.630469 -130.696989
40 -93.493109 - 11.061229 -102.664739 -103.629082 -130.732876
50 -93.501402 - 11.061279 -102.664771 -103.626728 -130.736286
60 -93.5042 - 11.061185 -102.664664 -103.6251 -130.733657
70 -93.504905 - 11.061065 -102.664530 -103.624262 -130.731832
80 -93.504993 - 11.060948 -102.664398 -103.623848 -130.730951
90 -93.487611 - 11.043559 -102.646991 -103.606909 -130.712658
100 -93.504525 - 11.060601 -102.664012 -103.623133 -130.727878
110 -93.504344 - 11.056760 -102.639376 -103.622645 -130.721622
120 -93.503578 - 11.060189 -102.663551 -103.622171 -130.721064
130 -93.503037 - 11.059912 -102.663253 -103.621877 -130.718264
140 -93.502531 - 11.059523 -102.662852 -103.516395 -130.718030
150 -93.502097 - 11.05894 -102.520072 -103.622167 -130.720067
160 -93.501776 - 11.058155 -102.661506 -103.622498 -130.720452
170 -93.501589 - 11.057378 -102.660753 -103.615985 -130.714557
180 -93.493109 — 11.057037 -102.660423 -103.6227
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Figure. 3.11 Plot of the experimental 13C chemical shifts against 
the values calculated by INDO/S method.
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Figure 3.12 Plot of experimental 13C chemical shifts against the
values calculated by the INDO/S method.
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Figure 3.13 Plot of experimental 13C chemical shifts against the 
values calculated by the INDO/S method.
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3.14 Plot of the experimental 13C chemical shift 
against the values calculated by the INDO/S 
method.
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Figure 3.15 Plot of the experimental 13C chemical shift against 
the values calculated by CNDO/S method.
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Figure 3.16 Plot of calculated shielding constant using INDO/S
method against dihedral angle, TAU.
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Figure 3.17 , Plot of calculated shielding constant using
INDO/S method against dihedral angle, TAU.
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Figure 3.18 ..Plot of calculated shielding constant using INDO/S
method against dihedral angle, TAU.
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Figure 3.19 Plot of calculated shielding constant using
INDO/S method against dihedral angle, TAU.
chloro and nitro) acrylophenones were found to have 
dihedral angles of 80°, 50°, 50°, 30°, 50° respectively. 
From the above results it is clear that this study may 
help in understanding the geometry of the molecule.
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Figure 3.22 Plot of calculated total energy using INDO 
method for ortho hydroxylacrylophenones 
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3.2. Nitrogen Chemical Shifts
3 02 0lo Introduction
The range of nitrogen chemical shifts is about 900 ppm 
( 3 )in organic compounds . This large range indicates that 
nitrogen NMR is very sensitive to changes in environment, 
hence it is useful for structural investigations.
( 83
Recently persuasive arguments have been advanced 
for the use of nitromethane, CH NO , as the most suitable7 3 2
reference standard for nitrogen chemical shifts. Thus, 
the nitrogen chemical shifts discussed here are given with 
respect to nitromethane taking high field shifts to be 
negative.
3.2.2. Results and Discussion
Table 3.12 presents the results of some INDO/S
(84 85 ^calculations together with the experimental data ’ .
The results are compared in Figure 3.25 with a correlation 
coefficient of 0.98 and standard deviation of 24.67 ppm.
From Table 3.12 it is clear that the ortho and para 
substitution of pyridine can induce low frequency nitrogen 
shifts while meta substitution induces little change 
relative to pyridine. The anilines, anilinium ions,
/ gg \
quinolines and the substituents ' were assumed to be planar 
and linear, standard bond lengths and angles were used to 
calculate the atomic coordinates of these molecules. The 
I5N chemical shift data obtained are compared with the 
experimental data in Table 3.12. The aniline shifts were
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sensitive to the electronic nature of strongly interacting 
substituents, ortho-fluoro and ortho-methoxy substituents 
produce a significant shielding effect on the amino 
nitrogen atom whereas ortho and para nitro groups produce 
a significant deshielding effect on the nitrogen nucleus. 
The electronegative substituents in aniline derivatives 
increased p-ir interaction between the nitrogen lone pair 
and the aromatic ring^^^.
3.2.3. Fluorine-19 shielding Anisotropies of Some Simple * 
Organic Molecules   • ________
Table 3.13 shows some 19F INDO/S calculated shielding 
anisotropies together with the experimental results.
The ortho-effect shifts the component by *-50 ppm if 
there is another fluorine in the .ortho position. The only 
component which changes gradually with substitution is the 
0 ^^ component perpendicular to the plane. The calculated 
results for perfluoronaphthaline (C10F 8), (1,3,5-C6H 3F 3) 
and Fluoranil (CgF^02) are in agreement with the experi­
mental results.
3.3. Conclusions
The general theory of nuclear magnetic shielding 
must provide results which are accurate enough and should 
be easily obtained for systems of real chemical interest,
t
while the cost of the calculations should not be too high.
Therefore, semi-empirical molecular orbital methods have 
been emphasized in the present work. The INDO/S procedure 
includes an account of the one centre exchange integrals 
which appear to have significant effect on the calculated 
contributions from the molecular excited states.
Since all theoretical estimates are based upon an 
isolated molecule as a model, it seems unrealistic to 
expect from any theoretical treatment of magnetic shielding 
the exact reproduction of experimental data which are ' 
usually reported for liquid sample. The use of standard 
configuration data suffers from the defect that the data 
are obtained from either the solid or gaseous phases, 
whereas the NMR spectra are obtained from liquid samples.
The absence of C2 symmetry for meta, orthoacrylophenones 
: may lead to a useful extension of the present work 
by! variation of chemical shifts with dihedral j angles which 
are excluded in this work. Comparison of the calculated 
results as a function of dihedral angle with the experi­
mental values of chemical shift would be a further step 
towards the accurate determination of molecular conformation 
using a reliable theory of chemical shift calculation with 
reliable experimental data.
Pople’s and Gordon’s bond lengths and bond angles,
t
while being extremely useful approximations, should be 
recognized as such and ideally be used only to obtain 
initial conformations to which geometry optimizations are 
applied.
The angles of 120° corresponding to trigonal symmetry 
and those of tetrahedral symmetry of 109.47 are accurate 
only where identical groups are attached to the carbon atoms. 
This does not apply to the vast majority of compounds.
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